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ABSTRACT 
Com producers in Iowa adopt a wide range of conservation and conventional 
practices such as, no-tillage (NT), strip-tillage (ST) or chisel plow (CP) along with either 
commercial fertilizer or liquid swine manure for com production. The rising cost of 
commercial N fertilizers raises concerns and provides an opportunity for the framers to use 
an alternative crop nutrient source that is abundantly available, "liquid manure". Liquid 
manure is a valuable source ofN and P for com production and therefore is a viable 
alternative to commercial fertilizer. The objectives of this study were to evaluate 1) the 
responses of com to three tillage systems (NT, ST, and CP) and four N rates (0, 84, 168, and 
252 kg N ha-1) ofliquid swine manure and commercial fertilizer and 2) the effects of 
different tillage systems on soil temperature, compaction, moisture storage, and moisture 
extraction by the corn root system. The study was conducted at the Northeast Research and 
Demonstration Farm of Iowa State University near Nashua, Iowa. The soil at the study area 
is a Kenyon (Typic Hapludolls) soil. The experimental design was a randomized complete 
block with split-plots in three replications. The tillage treatments were randomly assigned as 
main plots and the N rates of either N source as the subplot. 
Results of the study showed no significant impact of tillage treatments on plant 
biomass and corn yield. Increasing soil N03-N increased corn yield and corn stalk N03-N 
concentrations for both N sources. At N rates higher than 100 kg N ha-1, corn showed a 
luxury consumption of N for both N sources. A three-year average of maximum N rate 
(MNR) of 219 kg N ha-1 ofliquid swine manure produced a maximum corn grain yield 
(MGY) of 10.6 Mg ha-1. The economic optimum N rate (EONR) of 207 kg N ha-1 of liquid 
swine manure produced an economic optimum corn gain yield (EOGY) of 10.5 Mg ha- 1. The 
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MNR and MGY for the commercial fertilizer treatment were 186 kg N ha-1 and 11.3 Mg ha-1, 
respectively. The EONR and EOGY for the commercial fertilizer treatments were 148 kg N 
ha-1 and 11.2 Mg ha-1, respectively. 
Soil temperature of ST compared favorably with CP, but both ST and CP showed an 
overall advantage of 3 and 2°C higher temperatures, respectively over NT. Tillage treatments 
showed significant impact on ERI of com with ST and CP showing improved ERI of 9 
compared with 8 for NT for both N sources. A three-year average ofMSTE across both N 
sources was 18.3°C for ST compared with 18.0°C for NT and CP. Soil penetration resistance 
for all tillage treatments did not show significant differences for both N sources treatments, 
but increased with soil depth, especially in the top 20-cm. Soil moisture storage for all tillage 
treatments at the top 30 cm and 0 to 120 cm soil depths were not significantly different for 
both N sources. At the top soil depth of 0 to 30 cm, NT showed an advantage of soil moisture 
storage (10.1 cm) compared to ST (9.6 cm) and CP (9.7 cm) during the post emergence 
period in 2002. The three-year averages of soil moisture storage in the 30-cm soil depth for 
NT, ST and CP were 9.0, 9.1 and 9.2 cm respectively. Soil water extraction by com roots 
does not showed significant differences for all tillage treatments and both N sources. A three-
year average soil water extraction of 43% occurred in the top 30-cm of the soil profile for all 
tillage treatments and N sources. Strip-tillage showed competitive improvement in soil 
physical properties and com performance compared with CP and remains a viable solution to 




Soil tillage traditionally involves the mechanical manipulation of soil to control 
weeds and prepare a seedbed (Dickey et al., 1993). Although tillage conceptually entails 
weed control and seedbed preparation, the concept has been modified to encompass goals, 
which conserve soil and moisture through less intensive or no-tillage operations. From this 
perspective, soil tillage is classified either as conservation or conventional tillage system. 
Conservation tillage (strip-tillage, ridge-tillage or mulch-tillage) maintains at least 30% 
residue cover on the soil surface after planting to reduce water and wind erosion. 
Conventional tillage, which involves intensive soil preparation operations, leaves much less 
than 30% residue at planting through critical erosion periods (Dickey et al., 1993). 
Tillage systems directly influence soil water balance, soil nutrient dynamics, and the 
proliferation of plant root systems (Logsdon et al., 1990; Lal, 1991; Dou et al 1995; Ahujah 
et al., 1998; Ishaq et al., 2001; Diaz-Zorita, 2002; Fuentes et al., 2003). Minimum and no-
tillage systems have been reported to retard early com growth and reduce grain yield. In a 
long-term tillage experiment with continuous com on a moderately drained Maryhill silt 
loam in Ontario, Canada, no-tillage consistently showed slower plant growth due to lower 
seasonal soil temperatures compared to other reduced tillage systems and moldboard plowing 
(Vyn and Raimbault, 1993). In a study in Southern Ontario, Canada, comparing the effects of 
different tillage systems on soil temperatures, com growth, and productivity under zone-
tillage, no-tillage, and conventional tillage systems on a coarse-textured, it was found that 
lower soil temperatures in no-tillage did not only delay the initiation of corn seedling 
emergence, but reduced the rate of emergence compared with the conventional tillage 
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treatments (Beyaert et al., 2002). Their study concluded that converting no-tillage systems to 
strip-tillage neither resulted in significantly higher com yields nor caused a serious grain 
yield reduction relative to conventional tillage. On a poorly drained loam and well drained 
sandy loam in Michigan, continuous com yields from no-tillage and moldboard plow plots 
did not differ significantly (Hesterman et al., 1998). Pedersen and Lauer (2003) however 
reported a yield decrease of 5% for com under no-tillage compared with com conventional 
tillage on a well drained moderately permeable Plano silt loam in Wisconsin. In northwestern 
Ohio, com yield under chisel plow on a poorly drained clay texture soil (Hyotville series) 
was 11 % higher than that of no-tillage and 3% higher than com yield from moldboard plow 
(Lal, 1996). In a long-term tillage study at five different locations in Iowa, Al-Kaisi and Yin 
(2004) found no differences in yield between com yields under no-tillage, moldboard plow, 
ridge-tillage, chisel plow, reduced-tillage, field cultivation, and tillage-plant. 
In another study, Al-Kaisi and Licht (2004) evaluated the effects of strip-tillage, no-
tillage, and chisel plow on com N uptake and found that grain yields and grain N uptake did 
not improve significantly under strip-tillage compared to no-tillage or chisel plow systems. In 
contrast, Angle et al. (1993) found that total com grain N content is often greater under no-
tillage compared to crop response under conventional tillage systems. Similar results showed 
that no-tillage increased total com grain N uptake slightly above that of conventional tillage 
and generally equaled the com grain N uptake by crops under conservation tillage 
(Halvorson et al., 2001; Sainju and Sigh, 2001). Contrary to the above findings, some results 
however indicate that improved infiltration in long-term no-tillage systems increased N 
leaching and so affect the Nuse efficiency in no-tillage systems (Kladivko et al., 1991; 
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Roseberg and McCoy, 1992; Drees et al., 1994; Tyler and Thomas, 1997; Al-Kaisi and Licht, 
2004). 
The effects of tillage on crop response are a function of several interacting factors 
including crop species, soil type, and climatic conditions (Malicki et al., 1997; Rasmussen, 
1999; Diaz-Zorita, 2000). Variations in soil physical, chemical, and mineralogical 
characteristics, means any inappropriate tillage operation contrary to site specification, may 
result in a range of soil degradation processes including accelerated erosion, depletion of soil 
organic matter and fertility, the disruption of water and plant nutrient cycles, and crop failure 
(Lal, 1993). It is imperative, that tillage systems are carefully selected for any crop 
production system. 
In Iowa, com producers adopt different tillage systems and either commercial 
fertilizers or liquid swine manure as sources of N and P to produce com. The costs of 
commercial N fertilizers continue to rise (Lamp, 2003). Despite this trend, commercial 
fertilizers remain the major source ofN for com production in Iowa. There are two reasons 
for this. First, most producers have the perception that optimal crop yields are unattainable 
with liquid swine manure compared to commercial N fertilizers. Contrary to farmers' 
perception about liquid swine manure and corn yield, Al-Kaisi and Waskom (2002) have 
shown that liquid swine manure for sprinkler irrigated com produced similar yields as 
commercial N fertilizers. The increase in corn yield produced by liquid swine manure was 
attributed to the increase in total N and P removal associated with the application increase in 
liquid swine manure rate. The same study concluded that increasing N application by 56 kg 
N ha- 1 above the recommended agronomic rate did not produce any significant yield increase 
either with liquid swine manure or commercial N fertilizer. Second, liquid swine manure 
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application technology is expensive and not easily affordable by com producers. This 
expensive technology is coupled with the cost of transporting the liquid swine manure from 
its primary source to com production sites. According to V ander Wal (2001 ), the cost of 
transporting and applying 1,5321 ha-I ofliquid swine manure (176 kg N ha-I) using local 
commercial manure haulers' rate is $30.00. 
The raw product cost of anhydrous ammonia is $298 Mg-I. Adding the cost of 
manufacturing, storing and shipping, the Midwestern com producer could pay $441 Mg-I of 
anhydrous ammonia (Hoeft and Nafziger, 2001). Looking beyond the cost of liquid swine 
manure application technology, which is part of the overhead cost of production as a capital 
asset, the use of liquid swine manure as a substitute for commercial N fertilizer has the 
potential to improve farmers' gross margin. 
It appears from the above-mentioned that swine manure is a viable alternative for 
high priced commercial N fertilizers. However, the problem of hypoxia still raises concern 
about the over application of either swine manure or commercial fertilizers (Goolsby et al., 
1999). Shankar et al. (2002) raised some hope, that improving surface water quality can be 
achieved by reducing N fertilizer levels, while increasing farm profits. Al-Kaisi and Waskom 
(2002) and Shankar et al. (2000) provide some evidence, that a com production systems that 
effectively integrate the benefits of soil tillage and appropriate N rates of swine effluent, 
would not only address part of the environmental concerns regarding N fertilizers, but also 
refine existing com production management systems in the Midwestern United States. 
In any dry-land (rain-fed) agriculture, the availability of adequate water remains an 
increasing concern. In a dry-land production system, Norwood (1999) found that yield and 
water use of com, grain sorghum, sunflower, and soybean under no-tillage have increased in 
5 
2-3 years out of five years compared to conventional tillage system in a five-year study in 
Kansas. In N deficient soils where water is adequate, the application ofN fertilizers increases 
water use efficiency (Viets, 1962; Olsen et al 1964). Laing et al. (1991) found that water use 
efficiency of 10.2 kg ha-1 mm-1 increased com yield with higher plant populations and higher 
fertilizer rates. 
In order to determine the most appropriate combination of tillage systems and N rates 
of liquid swine manure that can produce competitive com yields as commercial N fertilizers, 
the objectives of the study were 1) to evaluate the responses of com to three tillage systems 
and four nitrogen rates of liquid swine manure N and commercial N fertilizer, 2) evaluate the 
effects of tillage and N rate on Nuse by com, and 3) evaluate the effects of tillage on soil 
environment parameters that are critical to plant growth, such as soil temperature, soil 
compaction, and water extraction by the com root system. 
THESIS ORGANIZATION 
This thesis is organized into four chapters, which address all components of the 
research. Results sections of all chapters are written with data generated from three years of 
research at the Northeast Research and Demonstration Farm near Nashua, Iowa. Chapter one 
is a general introduction outlining the relevance of the study. Chapter two evaluates the 
effects of tillage and nitrogen rates of two nitrogen sources on com performance. Chapter 
three evaluates the effects of tillage systems and nitrogen sources on selective soil properties. 
Chapter four is a general conclusion that collates the findings of the research. This thesis has 
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CHAPTER2 
EFFECTS OF TILLAGE AND NITROGEN RA TES OF TWO NITROGEN 
SOURCES ON CORN PERFORMANCE 
INTRODUCTION 
The benefits of conventional tillage include better seedling establishment and 
improved root growth environment. On the other hand, conventional tillage systems can 
increase soil erosion, are higher energy consumers, and raise the cost of corn production. The 
need to conserve energy, reduce of soil erosion, and improve overall farm profitability has 
raised interests in no-tillage system among some farmers in the Midwest. 
Studies have demonstrated the ability of producing corn under no-tillage with equal 
or superior nutrient uptake compared with conventional tillage because of a better moisture 
situation associated with no-tillage (Singh et al., 1966; Triplett, Jr. and Van Doren Jr. 1969; 
Shear and Moschler, 1969; Belcher and Ragland, 1972; Moschler et al., 1972). Some studies 
have shown that yields of no-tillage over conventional tillage systems are not consistent and 
depend on soil type and weather condition. In a two-year study, corn under no-tillage yielded 
more than fall-plowed corn in a dry year on a loamy sand soil, but no yield differences 
occurred in a year of normal precipitation or in either year on a silt loam soil (Al-Darby and 
Lowery, 1984). However, on a poorly drained loam soil, corn yields with moldboard plow 
yielded more than no-tillage one of two years (Erbach et al., 1986) and one of three years on 
a poorly drained silt loam (Kladivko et al., 1983). In a 25-year tillage experiment in Ohio, 
no-tillage corn initially yielded less than moldboard plow on a poorly drained fine textured 
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soil, but similar yields were recorded during the later years (Dick et al., 1991). The same 
authors reported that on a well drained soil, no-tillage proved to be consistently superior to 
moldboard plowing with yield differences increasing with years. 
Tillage system has an impact on Nuse efficiency. Angle et al. (1993) found that total 
N in com grain is often greater under no-tillage compared to com grown under conventional 
tillage systems. Similar results were reported by Halvorson et al. (2001) and Sain ju and 
Singh (2001), where no-tillage increased total corn grain N uptake slightly above that of 
conventional tillage and generally equaled the corn grain N uptake by crops under 
conservation tillage. Contrary to the above findings, other reports indicate that improved 
infiltration in long-term no-tillage systems increases N leaching and reduced Nuse efficiency 
in no-tillage systems (Kladivko et al., 1991; Roseberg and McCoy, 1992; Drees et al., 1994; 
Tyler and Thomas, 1997; Al-Kaisi and Licht, 2004). 
No-tillage has been associated with delayed planting and emergence in poorly drained 
Midwest soils. Strip-tillage provides an alternative to no-tillage by creating a disturbed 
narrow zone of 15 to 20 cm wide and 15 to 20 cm deep in the previous crop row and leaves 
the inter-row space undisturbed (Dickey et al., 1993). Strip-tillage provides warmer seedbed 
conditions particularly in poorly drained wet soils. Another benefit of strip-tillage is the 
ability to prepare the seedbed and apply nutrients in a single tillage operation (Dickey et al., 
1993; Al-Kaisi and Hanna 2002). Randall et al. (2001) showed that fall strip-tillage for corn 
following soybean produced greater yields than no-tillage on a clay loam soil in one of two 
studies and strip-tillage yields were equal to conventional tillage in both studies. On a silt 
loam soil, Vetsch and Randall (2002) concluded that surface residue and corn yield following 
soybean could be optimized using modified no-tillage systems including strip-tillage and 
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starter fertilizer. In Iowa strip-tillage was found to frequently increase early growth but 
seldom increased corn grain yields compared to no-tillage (Mallarino et al., 1999; Al-Kaisi 
and Licht, 2004). 
Reports on the effects of tillage on soil N are mixed. Al-Kaisi and Licht (2004) found 
that strip-tillage and no-tillage resulted in lower residual soil N buildup than chisel plow in a 
soil profile of 1.2 m after two years of tillage implementation. Grant and Lafond (1992) 
reported that soil N in the 15- to 60-cm soil depth was higher under conventional tillage 
compared with no-tillage or minimum tillage in the eastern Canadian Prairie, while Mahli et 
al. (1992) found no difference in soil N among conventional tillage, minimum tillage, and 
no-tillage treatments in the spring and autumn in the western Canadian Prairie. Tillage 
systems generally affect soil N mineralization. Rice et al. (1987) reported more N 
mineralization in a plowed well drained soil than in a poorly drained soil compared with the 
corresponding no-tillage treatment. It was reported that no-tillage reduced the availability of 
N from chemical fertilizer, presumably due to greater immobilization under no-tillage (Carter 
and Rennie, 1987; Groffman et al. 1987). Gilliam and Hoyt (1987) reviewed the effects of 
tillage on N cycling and concluded that although no-tillage tended to increase N 
immobilization, crop N uptake was no different than that observed for conventional tillage. 
Nitrogen losses in crop production create N deficiencies and a rapid decline in crop 
productivity (Welch et al., 1971; Kucey and Schaalje, 1986; Reeves et al., 1993; Randall et 
al., 1997; Torbert et al., 2001). The rising cost of commercial fertilizers and the potential 
loses of such fertilizers pose a greater challenge to the long term sustainability and 
profitability of com production systems in the Midwest. Identifying and integrating 
appropriate tillage systems with optimum N rates of swine effluent, which is a viable 
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alternative to the high priced commercial N fertilizers, would refine existing com production 
management systems and present long term benefits to com producers. The objective of this 
study was to evaluate the responses of com to three tillage systems and four N rates of swine 
effluent and commercial N fertilizer. 
MATERIAL AND METHODS 
Site Description 
The study was conducted at the Northeast Research and Demonstration Farm of Iowa 
State University near Nashua in Floyd County. The experimental site is nearly level to gently 
sloping with Kenyon (fine loamy, mixed mesic Typic Hapludolls) soil. The average annual 
precipitation of Northeastern Iowa is 896 mm with a growing season (April through 
September) average of 701 mm. 
Experimental Design and Description 
The experiment was conducted on a land area of 16 ha from 2002 to 2004. The 16 ha 
site was divided into two main 8 ha sites (east and west sites) for a com and soybean rotation. 
During the com year the 8 ha was split into two 4 ha sites for applying two different N 
sources. On one 4 ha site liquid swine manure was applied to com at four different N rates, 
while on the adjacent 4 ha site commercial N was used at similar N rates. The experimental 
design for each com experiment with different N source was a randomized complete block 
with split-plot arrangement in three replications. Tillage system was implemented to be the 
main plot with N rate of either source as the sub-plot. Three tillage systems of chisel plow 
(CP), strip-tillage (ST), and no-tillage (NT) were randomly assigned to each replication as 
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the main plot treatments and four nitrogen rates of 0, 84, 168 and 252 kg N ha-1 were 
assigned randomly to each tillage treatment as sub-plot treatments during each com year. The 
size of each tillage plot was 56.1 m by 21.3 m. The sub-plot size of each N rate within the 
main tillage plots was 56.1 m by 5.3 m. 
The following com-soybean rotation was established for the study. In 2002, the 
eastern half of the experimental site was planted with corn and the western half planted with 
soybeans. In 2003, corn and soybeans were planted in the 2002 soybeans and corn residues, 
respectively and vice versa in 2004. 
Field operations for the experiments were the same during 2002, 2003, and 2004 and 
started in the fall of the previous year with tillage operations and nitrogen application of 
liquid swine manure. In November of each year after harvest, CP and ST treatments were 
implemented in the corn and soybean residue plots. Conventional tillage was done using a 
Glencoe Soil Saver chisel plow, model 166297 (Glencoe Portable Elevator-Division, 
Glencoe, MN 1). The unit has five chisel blades each measuring 55.9 cm long and 10.2 cm 
wide with an effective soil depth of 15.2 to 17.8 cm on a 2.29 m tool bar. A straight disc was 
used in front of the chisel point to cut through residue. Strip-tillage was conducted using a 
DMI six row model 4300 on a 4.57 m toolbar (Case Corp., Racine, WI). The unit has mole 
knives attached to DMI toolbar loaded shanks which create 20.32 cm deep tilled zones and 
has 45.7 cm diameter closing disks which close up the tilled zones to create 20.32 cm wide 
and 7.62 cm berms. After the CP and ST operations were completed, liquid swine manure 
was immediately injected in the soybean residue plots at the rates of 0, 84, 168 and 252 kg N 
1 Trade names are used for the benefit of the reader and do not imply endorsement by Iowa State University 
over comparable products. 
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ha-1 for the com experiment using a Badger 5800L liquid manure applicator (Badger 
Northland, Inc., Kaukauna, WI). The liquid swine liquid manure was analyzed for total N, P, 
K, and total C (Table 2.1) using the macro kjeldalh (Kane, 1998), AOAC 965 .17 photometric 
method (Helrich, 1990), and the EPA 7610 atomic absorption method (EPA-600/4-82-055, 
December 1982, Method 258.1), respectively. In 2002, the liquid swine manure was analyzed 
for nitrate and nitrite using the EPA 353.3 automated cadmium reduction method. The 
manure applicator was modified to cause minimum disturbance in NT plots. The manure 
applicator has a 10.2-cm diameter hydraulic paddle pump with a Krohne electromagnetic 
flow meter (model IFS 4000F) and a signal converter IFC 090F (Krohne Inc., Peabody, MA). 
The tool bar consisted of a three-knife Yetter Avenger manure application disk unit that was 
63.5 cm wide with 63.5 cm angle blades, which open 5 cm narrow slots 7.6 tol0.2 cm deep 
to hold manure. In addition a modified Yetter disc-sealer was used with 35.6 cm diameter 
closing discs, which closes the narrow slot left by the Yetter Avenger units to seal the 
manure in the ground. 
Anhydrous ammonia was applied at the same rates of 0, 84, 168, and 252 kg N ha-I 
but in April on the other 4 ha quadrant of the com experiment using a 4.57 m wide six row 
pull type anhydrous ammonia injection knife applicator. In May of each year during planting, 
a starter fertilizer was applied to the anhydrous ammonia plots using a 5-cm x 5-cm method 
at the rate of 56 kg ha-I mono ammonium phosphate (11-52-0) and 56 kg ha-I K (0-0-62) to 
bring P and K to an adequate level as in the liquid swine manure plots. 
Field cultivation of the CP plots in the soybean residue was done in the spring prior to 
planting com to control weeds and level the CP plots using a Kent series 5 field cultivator 
with 5 rows of 22.9 cm long cultivator shovels set at 17.8 cm spacing. Com was planted in 
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early May each year using Dekalb 537 (non-BT) corn at a plant population of 84,185 plants 
ha-I. A six-row pull-type Kinze 2000 series planter, 4.57 m wide (Kinze Manufacturing, 
Williamsburg, IA) was used to plant corn. The planter units were equipped with Yetter 
double disk residue wheels (model 2967 Series Residue Mangers), which throw the residue 
away from the planter units, Kinze dry fertilizer boxes with heavy duty single disc fertilizer 
openers, and soil press wheels. During planting, the corn experiment was simultaneously 
sprayed with a pre-emergence 6.4 EC Surpass herbicide at the rate of 189 liters ha-I using a 
Ritchie Bestway herbicide applicator with model number 492 (Ritchie Bestway Conrad, IA) 
behind the series planter. The Bestway herbicide applicator has a 9 .14 m spray boom with 
XR TeeJet 11004 VS nozzles. At maturity, corn was harvested at 15% grain moisture content 
with a John Deere 4400 Combine harvester with a shivers moisture meter "moisture tree" 
model 5010 (Corydon, IA). The scale in the combine is an Arts-Way Model 700E scale 
(Weigh-Tronix Inc., Fairmont, MN). 
Crop measurements 
Corn seedling emergence rate index (ERI) was determined with the method outlined 
by Erbach (1982). In this method, two corn rows each measuring 5.3 m on the 168 kg N ha-I 
plots for each tillage system were staked prior to corn emergence and monitored until final 
seedling emergence (generally 10-14 days after initial emergence). Corn emergence was 
monitored on daily bases at the same time of each day until no change in total number of 
plants was observed at the end of 10-14 days. Then ERI was calculated using the following 
equation after Erbach (1982); 
last 
ERI= I 
[% n - % (n-1)] 
n =first n 
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(1) 
where o/on is the percentage of plants emerged on day n, % (n-1) is the percentage of plants 
emerged on day n-1, n is the number of days after planting, first is the number of days after 
planting when the first plant emerged, and last is the number of days after planting when 
emergence was completed. 
Plant samples of corn were collected atthe 61h-leaf(V6), l21h-leaf(V12), tassel (VT), 
and physiological maturity (R6) growth stages for each tillage treatment and nitrogen rate for 
the determination of dry matter production and nitrogen uptake by the corn plants. The 
method of plant sampling was as identified by Al-Kaisi and Yin (2003). The sampling area 
per plot was 4.6 m long, which was divided into three 1.53 m segments. At each of the four 
growth stages, one plant per 1.53 m segment of the sampling area was cut at ground level to 
give a total of three sampled plants per plot. Each sampled plant was cut from an area where 
two plants on both sides of it. Plant samples were oven-dried at 58°C for 8 days to achieve a 
constant dry mass and weighed. Oven dried plant samples were ground using a Wiley Mill 
model 2 pulverizer carbon steel (Arthur H. Thomas Co., Philadelphia, PA). Ground samples 
were kept in plastic lined paper bags prior to analysis. Concentrations of total N for samples 
were determined by dry combustion using a LECO CHN-2000 C-N analyzer (LECO 
Corporation, St. Joseph, MI). Plant N uptake was estimated as a product of total dry matter 
and the respective total N concentration. Corn grain yield was determined at 15% moisture 
content with a combine-harvester. Harvest index of corn was determined as a ratio of com 
grain yield to the dry matter yield at physiological maturity for each tillage treatment and N 
rate. Economic optimum N rate (EONR) and maximum N rate (MNR) in relation to corn 
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grain yield were determined for liquid swine manure and commercial fertilizer for each for 
each tillage system and across all tillage systems and years and for each year of the study. 
Fall com stalk N03-N concentrations at maximum and economic optimum grain yields were 
also determined for each N source. 
Economic optimum and maximum N rates were determined using the following 
quadratic equation to generate a yield response curve as a function of N rate: 
Y =a+ bX- cX2 (2) 
where Y is com yield and Xis N rate. To determine MNR, equation (2) was solved by taking 
the first derivative of both sides of the equation. Maximum N rate then was estimated by 
setting the first derivative of the equation to zero and solving for the value of x in the 
equation, which represents the MNR to achieve maximum com yield. 
dY/dX = b- 2cX 
0 = b- 2cX 
Therefore, MNR or X can be determined from the following equation: 




Similarly, the EONR was estimated by equating the first derivative of equation (2) to 
the N fertilizer: com price (N:C) ratio. The N:C ratio (unit price of fertilizer: unit price of 
com) used in determining EONR was based on the assumption, that the unit price of 
commercial N is $0.44 kg-1 and the unit price of com is $78.74 Mg-1 of com grain. The ratio 
ofN:C for liquid swine manure was based on the assumption that 3785 liters ofliquid swine 
manure contains 25.4 kg N and costs $5.59. Based on this cost, the unit price of liquid swine 
manure is $0.22 kg-1. 
Equation (3) was rewritten as follows: 
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dY/dX = N:C ratio= b - 2cX (6) 
The N:C ratio based on the unit price of either commercial or liquid swine manure N, was 
used to solve for the value ofX in equation (6). Thus: 
EONR or X = (b-N:C) I (2cX) (7) 
Fall Stalk N03-N Concentration 
Fall corn stalk N03-N concentration was determined by taking stalk samples from all 
plots after black layers had developed on at least 80% of the kernels of most ears (Blackmer 
and Mallarino, 1996). The portion of each plant sampled is an approximately 20 cm long 
segment of stalk 15 to 3 5 cm above ground level. Leaf sheaths were removed from samples 
and a total of 15 stalks were collected from each plot and sealed in a brown paper bag for 
drying. Com stalk samples were oven-dried at 50°C for 8 days to attain a constant dry mass 
before grinding with Wiley Mill model 2 pulverizer carbon steel (Arthur H. Thomas Co., 
Philadelphia, PA). The ground corn stalks were sealed in plastic lined paper bags prior to 
analyzing the samples. Samples were analyzed for stalk N03-N concentrations using a 2M 
KCL extraction and a Lachat QuickChem F AI+8000 series (Lachat Instruments, Milwaukee, 
WI) with cadmium reduction column (Mulvaney, 1996). Corn stalk nitrate concentrations 
were expressed as mg N kg-1 of dry corn stalk. 
Late Spring Soil N03-N Concentration 
Soil samples were collected at the 61h -leaf (V 6) growth stage form all plots for late spring soil 
N03-N test. A 30 cm long high steel JMC soil probe (Clements Associates Inc., Newton, IA) 
with a hardened cutting tip internal diameter of 1.9 cm, was used for soil sampling. Soil 
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sampling was done over an area that was 4.6 m long at the center of each plot. This area was 
divided into three 1.53 m long sections. At the V6 growth stage, soil sampling was done at 
two depths from 0 to 30 and 30 to 60 cm. Three soil cores each measuring 30 cm long were 
taken from three sections of the sampling area within the band of fertilizer placement for 
each depth and kept in plastic lined paper bags in a cooler. Soil samples were air dried and 
analyzed for N03-N using a Lachat QuickChem. 
Statistical Analysis 
The GLM procedure of SAS statistical software package (SAS 9 .1) was used to 
perform an analysis of variance appropriate for a randomized complete block design with a 
split-plot arrangement (SAS, 2003). Separate statistical analyses were done for dependent 
variables for each year of the study. The Tukey least square means adjustment for multiple 
comparisons was used to compare treatment effects. When treatment effects show significant 
differences, p-values for the differences or otherwise are stated in the text. On figures 
significant differences are indicated with asterisks. Non-significant differences in treatment 
effects are indicated with the acronym 'ns' on figures. Probability levels equal to or less than 
0.05 were categorized as significant. 
RESULTS AND DISCUSSION 
Emergence Rate Index 
In both 2002 and 2003, tillage systems generally showed significant differences in the 
emergence rate index (ERI) of com for both liquid swine manure and commercial fertilizer 
treatments except, on days 13 and 15 after planting com in 2002, where tillage systems did 
not show significant differences in the ERI of com under commercial N (Table 2.2 and Fig. 
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2.1 ). Similarly in 2003, tillage systems did not show significant differences in ERI of com 
with liquid swine manure treatment on days 9, 10, 11 and 12 after planting and of com with 
commercial fertilizer treatment on days 9 and 12 after planting com (Table 2.3 and Fig. 2.1 ). 
In 2004, tillage systems did not show any significant differences in the ERI of corn with 
liquid swine manure treatment during the entire period of seedling emergence and 
establishment. However, tillage treatments did show significant differences in the ERI of 
com treated with commercial fertilizer during the entire period of seedling emergence except 
on day 11 after planting, where tillage systems did not show significant differences in ERI of 
com (Table 2.4 and Fig. 2.1 ). During the three years of the study regardless of N sources, 
chisel plow (CP) and strip-tillage (ST) generally showed improved ERI of com compared to 
the no-tillage (NT) system (Fig. 2.1 ). There are two reasons for this trend. First, the greater 
amount of residue cover on NT insulates the NT soil surface from heat exchange between the 
air above the residue and the soil surface. This keeps the NT plots cooler even on warmer 
days compared to the ST and CP plots, which have smaller amounts of residue cover 
compared to NT and thus have better radiant heat exchanges with the air above ground level. 
Second, NT generally shows higher soil bulk densities and greater penetration resistance. The 
combination of lower soil temperatures and higher bulk densities on NT contributed to the 
lower ERI of com on NT compared to the ST and CP. 
Aboveground Corn Biomass Response to Tillage and Nitrogen Rates 
In 2002, neither tillage systems, N rates, nor the interactions between tillage systems 
and N rates of liquid swine manure showed significant differences in plant biomass of com at 
the V6, Vl2, and VT growth stages (Tables 2.5 and 2.6). However, the dry biomass of VT in 
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the CP treatment at the N rate of 168 kg N ha-1 was significantly higher than that of the 0 kg 
N ha-1 treatment (Tables 2.5 and 2.6). At the R6 growth stage, com planted with liquid swine 
manure in the CP treatment, showed a significantly higher plant biomass than those in the NT 
and ST treatments of both N rates of liquid swine manure (Tables 2.5 and 2.6). For the 
commercial fertilizer treatment, tillage systems, N rates, and the interaction between tillage 
systems and N rates showed no significant differences in com plant biomass at all growth 
stages except for NT where dry biomass of 168 kg N ha-1 was greater than that of 0 kg N ha-1 
(Table 2.5 and 2.6). 
In 2003, tillage systems, N rates, and the interactions between tillage systems and N 
rates of liquid swine manure showed no significant effects on plant biomass of com at the 
V6, V12, VT, and R6 growth stages except at the N rate of 252 kg N ha-1 for ST where plant 
biomass showed significant differences compared to other N rates at the V12 growth stage 
(Tables 2.5 and 2.7). For the commercial fertilizer treatment, tillage systems showed 
significant differences in plant biomass of com (Tables 2.5 and 2.7). Chisel plow was 
significantly different in com plant biomass compared with NT and ST for all N rates at the 
V6 and VT growth stages (Tables 2.5 and 2.7). However, NT and ST did not show 
significant differences in the plant biomass of com treated with commercial N at the V 6 and 
VT growth stages for all N rates (Tables 2.5 and 2.7). At the V12 and R6 growth stages, 
neither tillage, N rate nor the interactions between tillage systems and N rates of commercial 
fertilizer showed significant differences in plant biomass of com (Tables 2.5 and 2. 7). 
In 2004, tillage systems and the interactions between tillage systems and N rates of 
liquid swine manure did not show significant differences in plant biomass of com at the V 6 
growth stage (Tables 2.5 and 2.8). However, CP, showed significant differences in plant 
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biomass between the zero and the other three N rates ofliquid swine manure (Tables 2.5 and 
2.8). In contrast, ST showed a significant difference in plant biomass of 168 kg N ha-1 
compared to the other N rates ofliquid swine manure at the V6 growth stage (Tables 2.5 and 
2.8). At the V12 growth stage, neither tillage system nor the interactions between tillage 
system and the N rate of liquid swine manure showed any significant difference in plant 
biomass (Tables 2.5 and 2.8). However, CP plant biomass showed significant differences 
between the zero and all other N rates (Tables 2.5 and 2.8). No-tillage plant biomass showed 
a significant difference between the N rate of252 kg N ha-1 compared to the other N rates of 
liquid swine manure (Tables 2.5 and 2.8). In contrast, ST plant biomass of 168 kg N ha-1 and 
252 kg N ha-1 were not significantly different, but both were higher than those of the 0 and 84 
kg N ha-1, which also did not show any significant differences (Tables 2.5 and 2.8). At the 
VT growth stage, tillage system, N rate, and the interaction between tillage system and N rate 
ofliquid swine manure showed significant differences in com biomass (Tables 2.5 and 2.8). 
The CP and NT treatment plant biomasses were significantly different between the zero and 
the other three N rates (Tables 2.5 and 2.8). Strip-tillage plant biomasses of the N rates of 0 
and 84 kg N ha- 1, were not significantly different at the VT growth stage, but both were 
significantly lower than of those of 168 and 252 kg N ha-1 ofliquid swine manure (Tables 2.5 
and 2.8). At the R6 growth stage, tillage systems showed no significant differences in plant 
biomass of com under liquid swine manure for all N rates (Tables 2.5 and 2.8). However, the 
interactions between tillage system and N rate of liquid swine manure showed significant 
differences in plant biomass of com (Tables 2.5 and 2.8). Chisel plow plant biomass ofN 
rate 0 kg N ha-1 was significantly lower than those of the other three N rates of liquid swine 
manure (Tables 2.5 and 2.8). No-tillage plant biomass of the N rate of252 kg N ha-1 ofliquid 
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swine manure was significantly greater than those of the other three N rates at the R6 growth 
stage (Tables 2.5 and 2.8). However, ST plant biomass ofN rates 168 and 252 kg N ha-1 were 
significantly greater than those oflower N rates (Tables 2.5 and 2.8). For the commercial N 
treatment tillage system, N rate, and the interaction between tillage system and N rate did not 
generally show significant differences in plant biomass of corn (Tables 2.5 and 2.8). 
However, the plant biomass of NT showed significant differences between the zero N rate 
and the other higher N rates at the V6 growth stage (Tables 2.5 and 2.8). At the V12 growth 
stage, tillage systems show significant difference in plant biomass only for the zero N rates. 
However, except for the N rates of 0 and 168 kg N ha-1, which showed significant difference 
in plant biomass of the CP treatment, the interaction between tillage systems and N rate of 
commercial N did not show significant differences in plant biomass of corn (Tables 2.5 and 
2.8). At the VT growth stage of corn, CP showed a significant difference in plant biomass 
from ST and NT plant biomasses (Tables 2.5 and 2.8). The NT plant biomass of the 168 kg N 
ha-1 rate showed a significant difference from that of the zero N rate (Table 2.5 and 2.8). At 
the R6 growth stage, neither tillage system nor N rate of commercial N generally showed 
significant differences in plant biomass of corn (Tables 2.5 and 2.8). However, CP plant 
biomass for the N rates of 0 and 84 kg N ha-1 and 0 and 252 kg N ha-1 of commercial N 
showed significant differences in plant biomass of corn (Table 2.5 and 2.8). The NT and ST 
treatment plant biomasses of the N rate of 84 kg N ha-1 of commercial N showed significant 
difference from those of the other N rates for the R6 growth stage of corn (Tables 2.5 and 
2.8). Although tillage systems did not generally show significant differences in plant biomass 
at the different corn growth stages, higher N rates of both liquid swine manure and 
commercial N generally yielded higher plant biomass. This finding is consistent with other 
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studies, which showed that increasing N rates increased the yield and quality of forage com 
(Keeney et al., 1967; Robinson and Murphy, 1972; Khera et al., 1976). 
Corn Grain Yield Response to Tillage and Nitrogen Management 
Grain Yield Response to Nitrogen Rate 
In 2002, 2003 and 2004, tillage systems did not show significant differences in com 
grain yield under either liquid swine manure or commercial fertilizer (Table 2.9 and Fig. 2.2). 
Nitrogen rates of either liquid swine manure or commercial fertilizer showed significant 
differences in com grain yield in 2002, 2003 and 2004 (Table 2.9). However, the interactions 
between tillage system and N rate of liquid swine manure and commercial fertilizer during 
the three years of the study did not show significant differences, except in 2002, where the 
interactions between tillage system and N rate of commercial fertilizer showed significant 
effect on grain yield (Table 2.9). In 2002, CP, NT and ST com grain yields at the N rate of 0 
kg N ha-1 showed significant differences from those of the higher N rates of 84, 168 and 252 
kg N ha-1 of liquid swine manure (Table 2.10). However, the three higher N rates of 84, 168 
and 252 kg N ha-1 of liquid swine manure did not show significant differences in com grain 
yield of all tillage treatment (Table 2.10). For the commercial fe1iilizer treatment, com grain 
yields under CP did not show significant differences for N rates except the N rates of 0 kg N 
ha-1, which showed significant differences in grain yield from the N rates of 168 and 252 kg 
N ha-1 (Table 2.10). The NT com grain yield of the N rate of 0 kg N ha-1, showed significant 
differences from those of the higher N rates of 84, 168 and 252 kg N ha-1 without any 
significant differences in the grain yields of the three higher N rates (Table 2.10). Strip-
tillage com grain yield did not show significant differences for all N rates of commercial 
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fertilizer (Table2.10). In 2003, CP com grain yield did not show significant differences for 
all N rates of liquid swine manure except for the N rate of 252 kg N ha-I, which showed a 
significantly higher grain yield than the 0 kg N ha-I (Table 2.11 ). The NT and ST com grain 
yields did not show significance except for the N rate of 0 kg M ha-I, which showed 
significant differences in com grain yield from those of the N rates of 168 and 252 kg N ha-I 
(Table 2.11). For the commercial fertilizer treatment, CP and ST com grain yields did not 
show any significant differences (Table 2.11 ). Similarly, the NT com grain yields did not 
show significant differences for N rates except for the N rate of 0 kg N ha-I, which showed 
significant differences in com grain yield from those of the 84 and 168 kg N ha-I (Table 
2.11). 
In 2004, the com grain yield of the N rate of 0 kg N ha-1 ofliquid swine manure under 
CP, NT, and ST treatments showed significant differences from those of the N rates of 84, 
168, and 252 kg N ha-I (Table 2.12). In contrast, the higher N rates of 84, 168, and 252 kg N 
ha-I did not show significant differences in com grain yields under CP, NT, and ST (Table 
2.12). Similar results showed in the com grain yields of the N rates of commercial fertilizer 
under CP, NT, and ST (Table 2.12). Relative com grain yields of commercial fertilizer 
averaged over three years and across all tillage systems showed improvement over those of 
the liquid swine manure at the 0 N rate (1.6% ), 84 kg N ha-1 (8.2%) and 168 kg N ha-I 
( 4.1 % ). At the highest N rate of 252 kg N ha-I, the relative com grain yields of the liquid 
swine manure and commercial fertilizer treatments both showed 100% (Fig. 2.3). Com grain 
yields averaged over three years and across all tillage systems showed a MNR and EONR of 
208.7 and 192.3 kg N ha-1 respectively, ofliquid swine manure for com production (Fig. 2.4). 
For the commercial N treatment, the MNR and EONR for com production are 187 .6 and 
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154.7 kg N ha-1 (Fig. 2.4). Although the EONR for commercial fertilizer are consistently 
lower than those of the liquid swine manure during the three years of study, the economic 
optimum grain yields of liquid swine manure showed improvement over those of the 
commercial fertilizer during 2002 (2.3%), 2003 (6.5%), and 2004 (2.4%) (Table 2.13). In 
2002, 2003, and 2004, neither the MNR nor the EONR of either liquid swine manure or 
commercial fertilizer showed any significant differences (Table 2.14 ). 
Corn Grain Yield and Fall Stalk N03-N Concentration Relationship 
The relationships between com grain yield and corn stalk N03-N concentration for 
both liquid swine manure and commercial N showed that it is possible to obtain maximum 
com grain yields when corn stalks show lower stalk N03-N concentrations (Fig. 2.5). During 
the three years of study, maximum corn grain yields were obtained between 250 mg kg-1 and 
2,000 mg kg-1 of com stalk concentrations (Fig. 2.5). However, results also showed 
maximum corn yields at com stalk N03-N concentrations greater than 2,000 mg kg-1 (Fig. 
2.5). In 2002, at the maximum and economic optimum corn yields of 13 .3 and 13 .2 Mg ha-1, 
respectively, in the liquid swine manure treatment, com stalk N03-N concentrations across 
all tillage treatments showed N03-N concentrations of 4,444 and 4,412 mg kg-1, respectively 
(Table 2.15). Similarly, at the maximum and economic optimum com yields of 13.0 and 12.9 
Mg ha-1, respectively, N03-N concentrations of 2,565 and 2,54 7 mg kg-1, respectively were 
obtained with the commercial fertilizer treatment, across all tillage treatments (Table 2.15). 
These levels of stalk N03-N concentrations at both the maximum and economic optimum 
com yields fall in the excessive category according to Blackmer and Mallarino (1996). The 
excessive category of stalk N03-N is set at a value equal to or greater than 2,000 mg N kg-1 
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of dry com stalk (Blackmer and Mallarino, 1996). At the excessive category of stalk N03-N 
concentration, there is a high probability that N availability is greater than if fertilizer N is 
applied at rates that maximize profits for producers. At that category, any uptake ofN by 
com does not result in a yield response and com thus depicts a luxury consumption ofN. 
In 2003, at the maximum and economic optimum com yields of 9 .3 and 9 .2 Mg ha-1, 
com stalk N03-N concentrations for liquid swine manure across all tillage systems were 
1,709 and 1,703 mg kg-1, respectively (Table 2.15). These levels of com stalk N03-N 
concentrations fall in the optimal category, which is set between 1,000 and 2,000 mg kg-1 
(Blackmer and Mallarino, 1996). At the optimal category of stalk N03-N concentration, there 
is high probability that N availability to com is within the range needed to maximize profit 
for the producer. However, the commercial fertilizer treatments maximum and optimum com 
yields of 9.0 and 8.6 Mg ha-1 show com stalk N03-N concentrations of 3,258 and 3,114 mg 
kg-1, respectively (Table 2.15). These levels of stalk N03-N concentrations fall within the 
excessive category (2: 2000 mg kg-1). In 2003, the maximum and economic optimum N rates 
ofliquid swine manure irrespective of tillage treatment are 228 and 215 kg N ha-1, 
respectively. In 2004, at the maximum and economic optimum com yields of 9.3 and 9.2 Mg 
ha-1, com stalk N03-N concentrations for liquid swine manure across all tillage systems were 
1, 709 and 1, 703 mg kg-1, respectively (Table 2.15). The commercial fertilizer treatments 
showed maximum and optimum com yields of9.0 and 8.6 Mg ha-1 with com stalk N03-N 
concentrations of 2,241 and 2,222 mg N kg-1 of dry com stalk, respectively (Table 2.15). In 
this range, any use ofN by com does not result in yield response. Relative corn grain yield 
averaged over three years across all tillage systems also showed that a relative yield of 90% 
can be obtained at a corn stalk N03-N concentration of 1,000 mg kg-1 (Fig. 2.6), which is 
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categorized as marginal, an indication that N availability is very close to the minimal 
amounts needed by com according to Blackmer and Mallarino (1996). 
Corn Grain Yield and Late Spring Soil N03-N Relationship 
In 2002, 2003 and 2004, the relationships between com grain yield and late spring 
soil N03-N tests for both liquid swine manure and commercial N showed that com grain 
yield increases with late spring soil N03-N for both N sources at the soil depths of 30 and 60 
cm (Figs. 2.7, 2.8, and 2.9). The relative com grain yield averaged over three years across all 
tillage systems also showed that relative com grain yield increases with late spring soil N03-
N for both N sources (Fig. 2.10). 
Fall Stalk N03-N Concentration and Nitrogen Rate Relationship 
In 2002, 2003, and 2004 com stalk N03-N concentrations of either liquid swine 
manure or commercial N averaged across tillage systems increased with N rate (Fig. 2.11 ). In 
2002, significant differences occurred in the corn stalk N03-N concentrations of the N rates 
of 0 and 168 kg ha-1 (P:S0.0001), 0 and 252 kg ha-1 (P:S0.0001), 84 and 168 kg ha-1 (P:S 
0.0001), 84 and 252 kg ha-1 (P:S 0.0001) and 168 and 252 kg ha-1 (P:S 0.0258) ofliquid swine 
manure N across all tillage systems. Similar results showed in the corn stalk N03-N 
concentrations of the N rates of the commercial N treatments. Significant differences 
occurred in corn stalk N03-N concentrations of the N rates of 0 and 168 kg N ha-1 (P:S 
0.0001), 0 and 252 kg N ha-1 (0.0001), 84 and 252 kg N ha-1 (P:S 0.0037), 84 and 252 kg ha-1 
(P:S 0.0001) and 168 and 252 kg ha-1 (P:S 0.0367) of commercial N across all tillage systems. 
In 2003, significant differences occurred in the com stalk N03-N concentrations of the N 
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rates of 0 and 252 kg ha-1 (P::S0.0001), 84 and 252 kg ha-1 (P::S 0.0001), and 168 and 252 kg 
ha-1 (P::S 0.0017) ofliquid swine manure N across all tillage systems. For the commercial N 
treatment, significant differences occurred in the com stalk N03-N concentrations of the N 
rates of 0 and 84 kg ha-1 (P::S0.0115), 0 and 168 kg N ha-1 (P::S 0.0001), 0 and 252 kg N ha-1 
(0.0001), 84 and 168 kg ha-1 (P::S 0.0001), 84 and 252 kg N ha- 1 (P::S 0.0001), 84 and 252 kg 
ha-1 (P::S 0.0001) of commercial N across all tillage systems. In 2004, com stalk N03-N 
concentrations of liquid swine manure generally showed lower values and did not show 
significant differences in the N rates ofliquid swine manure (P::S 0.0445). For the commercial 
N treatment the N rates of 0 and 252 kg ha-1 showed significant difference in com stalk N03-
N concentration (P::S 0.0040), likewise the N rates of 84 and 252 kg ha-1 (P::S0.0118). Com 
stalk N03-N concentrations of both liquid swine manure or commercial N averaged over 
three years across all tillage systems increased with increasing N rates. However, the 
commercial N treatment showed higher com stalk N03-N concentrations than the liquid 
swine manure treatment. At the N rates of 0, 84, 168, and 252 kg N ha-1, the commercial N 
treatment showed 65, 94, 73, and 43 % higher stalk N03-N concentrations averaged over 
three years across all tillage systems than those of the liquid swine manure (Fig. 2.12). 
Late Spring Soil N03-N Concentration and Nitrogen Rate Relationship 
In 2002, 2003 and 2004, neither tillage system nor the interaction between tillage 
system and N rate of liquid swine manure and commercial N showed significant differences 
in late spring soil N03-N test for the soil depths of 30 and 60 cm except for the commercial 
N treatment where tillage systems showed significant differences (Table 2.16 and Fig. 2.13). 
For the commercial N treatment, a significant difference in late spring soil N03-N test 
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occurred between the CP and ST treatments (P::S 0.0337). Similarly, N rates ofliquid swine 
manure and commercial N did not show significant differences in late spring soil N03-N test 
in 2002 (P::S 0.1862) and (P::S 0.8027), respectively. In contrast, the late spring soil N03-N test 
of liquid swine manure in 2003 and for commercial N in 2004 showed significant differences 
in N rates (P::S 0.0007) and (P::S 0.0051), respectively. Generally late spring soil N03-N test 
increased with increasing N rate across tillage systems for both liquid swine manure and 
commercial fertilizer (Fig. 2.13). Averaging late spring soil N03-N test over three years 
across all tillage systems showed a similar trend of increasing late spring soil N03-N 
concen~ation with increasing N rate for both liquid swine manure and commercial fertilizer 
(Fig. 2.14). For both the liquid swine manure and commercial fertilizer treatments, late 
spring soil N03-N test increased with increasing soil depth (Figs. 2.13 and 2.14). 
Corn Harvest Index (HI) 
In 2002, the HI (ratio of com grain yield to cumulative dry matter of corn plant at R6 
growth stage) of corn treated with either liquid swine manure or commercial N showed 
significant differences between the CP and NT systems (P::S 0.0392 and P::S 0.0467, 
respectively) (Table 2.17). However, the interaction between N rate of either liquid swine 
manure or commercial nitrogen and tillage system did not show any significant differences 
(P::S 0.5540 and P::S 0.9549, respectively) in HI of corn (Table 2.17). Numerically, the average 
HI of corn under NT across all N rates of liquid swine manure was higher (0.59) compared to 
the CP (0.46) and ST (0.56) (Table 2.17). Under commercial N treatment, CP showed the 
highest numerical value of HI (0.54) compared to NT (0.47) and ST (0.49) (Table 2.17). 
Increasing the N rates increased HI of corn (Table 2.17). In 2002, the N rate of 168 kg ha-1 of 
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liquid swine manure showed a 24.6 % (0.57) increase in HI than the N rate of 0 kg ha-1 (0.43) 
across all tillage systems (Table 2.17). Similarly, the commercial N rate treatment of 168 kg 
ha-1 showed 9.6 % (0.52) increase in HI compared to the N rate of 0 kg ha-1 (0.47) across all 
tillage systems (Table 2.17). In 2003, neither tillage system nor the interaction between 
tillage system and N rate ofliquid swine manure caused significant differences (P:S 0.1149 
and P:S 0. 7520, respectively) in the HI of com (Table 2.17). Similarly, in the commercial 
fertilizer N treatment, neither tillage treatments nor the interaction between tillage treatments 
and N rates showed significant differences (P:S 0.6701 and P:S 0.5965, respectively) in the HI 
of com (Table 2.17). However, the CP system under liquid swine manure showed higher HI 
(0.42) compared to NT (0.50) and ST (0.50) across all N rates (Table 2.17). The commercial 
N treatment's NT showed the highest HI (0.67) compared to CP (0.62) and ST (0.62) across 
all N rates (Table 2.17). In 2004, neither tillage system nor N rate shows significant effect in 
HI of com treated with liquid swine manure (P:S 0.1206 and P:S 0.2213, respectively) (Table 
2.17). However, on the ST and N rate of liquid swine manure treatment, HI of corn showed 
some significant differences (P:S 0.0173) (Table 2.17). Under ST, significant differences in 
the HI of corn occur between the N rates of 0 and 84 kg ha-1 (P:S 0.0032), 84 and 168 kg ha-1 
(P:S 0.0007) and between the 168 and 252 kg ha-1 (P:S 0.0044) (Table 2.17). Under the 
commercial N treatment, tillage system did not show significant differences in the HI of corn 
(P:S 0.6059) (Table 2.17). However, N rates of commercial fertilizer and their interaction 
with tillage system showed significant differences (P:S 0.0001 and P:S 0.0130, respectively) in 
the HI of corn (Table 2.17). Under CP, significant differences in the HI of corn showed 
between the N rates of 0 and 84 kg ha-1 (P:S 0.0289), 0 and 168 kg ha-1 (P:S 0.0002), 0 and 
252 kg ha-1 (P:S 0.0014) and between the N rates of 84 and 252 kg ha-1 (P:S 0.0452) of 
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commercial fertilizer (Table 2.17). Under NT, significant differences in the HI of com 
showed between the N rates of 0 and 84 kg ha"1 (P:S0.0006), 0 and 168 kg ha·1 (P:S0.0001), 0 
and 252 kg ha"1 (P:S 0.0001), 84 and 168 kg ha-1 (P:S 0.0006), and 84 and 252 kg ha"1 (P:S 
0.0248) (Table 2.17). Under ST, significant differences occurred in the HI of com between 
the N rates of 0 and 84 kg ha·1 (P:S 0.0004), 0 and 168 kg ha"1 (P:S 0.0058), and 0 and 252 kg 
ha"1 (P:S 0.0058) of commercial fertilizer (Table 2.17). 
CONCLUSIONS 
During the three years of study, tillage systems showed significant impact on the ERI 
of com. Strip-tillage and CP consistently showed improved ERI of com compared to NT for 
both the liquid swine manure and commercial fertilizer treatment. Similarly, tillage systems 
and the interactions between tillage systems and N rates did not generally show any 
significant impact on plant biomass of com at the different growth stages, particularly from 
the V6 to VT growth stage of both N sources. However, at the R6 growth stage, the N rate of 
252 kg ha·1 showed a difference in the plant biomass of the N rate of 0 kg ha·1 under NT. 
Tillage systems did not show significant impact on com grain yield for both N sources during 
the three years of study. However, the relative corn grain yields of commercial fertilizer 
averaged over three years and across all tillage systems showed improvement over those of 
the liquid swine manure at the 0 N (1.6%), 84 kg N ha·1 (8.2%), and at the 168 kg N ha"1 
(4.1 %) rates and equalizing at the highest N rate of252 kg N ha·1 (100%). The relationship 
between com grain yield and com stalk N03-N concentration showed that maximum corn 
yields are possible in the com stalk N03-N concentration range of 250 and 2,000 mg kg"1. 
Relative yield averaged over three years across all tillage systems showed that a relative com 
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grain yield of90% is possible at the com stalk N03-N concentration of 1,000 mg kg-1 for 
both N sources. Com grain yield increases with increasing com stalk N03-N concentration 
for both N sources and com showed luxury consumption of N rates higher than 100 kg N ha-1 
during 2002, 2003, and 2004. Com grain yield showed improvement with increasing late 
spring soil N03-N for both N sources. Tillage systems and the interactions between tillage 
systems and N rates of both N sources did not show significant impact on the HI of com 
during 2002 and 2003. However, over the three-year period, commercial fertilizer showed 
improvement of 11.9% in HI of com compared to liquid swine manure across all tillage 
systems and N rates. 
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Table 2.1. Nutrient analysis of liquid swine manure 
Liquid Manure Content 2002 2003 2004 
- - - - - - - - - - - - - - - - mg L- ----------------
Total C 58000 42000 42000 
Total N 6600 6700 6700 
Phosphorus (P20s) 5800 4900 4900 
Potassium (K20) 5000 4300 4300 
Ammonium-N 5000 
Nitrate + Nitrite 4.5 
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Table 2.2. Summary of P-values for comparing the effect of three tillage systems on the 
emergence rate index of com with liquid manure and commercial fertilizer in 2002 at Nashua. 
Liquid Swine Manure N Commercial fertilizer N 
P-valuet P-value 
Tillage 
DAPt Systemir NT ST CP NT ST CP 
13 NT 0.0239 0.0010 0.0979 0.8757 
ST 0.0239 0.0100 0.0979 0.0781 
CP 0.0010 0.0100 0.8757 0.0781 
14 NT 0.0291 0.0479 0.0403 0.5003 
ST 0.0291 0.7212 0.0403 0.0159 
CP 0.0479 0.7212 0.5003 0.0159 
15 NT 0.0002 0.0001 0.3393 0.5250 
ST 0.0002 0.2137 0.3393 0.7289 
CP 0.0001 0.2137 0.5250 0.7289 
16 NT 0.0599 0.0290 0.8884 0.0126 
ST 0.0599 0.6086 0.8884 0.0106 
CP 0.0290 0.6086 0.0126 0.0106 
17 NT 0.0441 0.0488 0.1548 0.1815 
ST 0.0441 0.9429 0.1548 0.0201 
CP 0.0488 0.9429 0.1815 0.021 
18 NT 0.0255 0.0760 0.2877 0.0122 
ST 0.0255 0.4476 0.2877 0.0039 
CP 0.0760 0.4476 0.0122 0.0039 
19 NT 0.0208 0.0833 0.1398 0.0179 
ST 0.0208 0.3394 0.1398 0.0037 
CP 0.0833 0.3394 0.0179 0.0037 
20 NT 0.0184 0.0965 0.1259 0.0410 
ST 0.0184 0.2613 0.1259 0.0066 
CP 0.0965 0.2613 0.0410 0.0066 
21 NT 0.0155 0.1392 0.3270 0.2762 
ST 0.0155 0.1523 0.3270 0.0494 
CP 0.1392 0.1523 0.2762 0.0494 
t P-values equal to or less than 0.05 are significantly different according to the Tukey 
adjustment test for multiple comparisons. 
l DAP, days after planting. ir NT, no-tillage; ST, strip-tillage; CP, chisel plow. 
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Table 2.3. Summary of P-values for comparing the effect of three tillage systems on the 
emergence rate index of com with liquid manure and commercial fertilizer in 2003 at Nashua. 
Liquid Swine Manure N Commercial fertilizer N 
P-valuet P-value 
Tillage 
DAPt Systems~ NT ST CP NT ST CP 
9 NT 0.1267 0.7039 0.0449 0.2132 
ST 0.1267 0.2187 0.0449 0.2988 
CP 0.7039 0.2187 0.2132 0.2998 
10 NT 0.8679 0.1007 0.3104 0.0044 
ST 0.8679 0.0792 0.3104 0.0159 
CP 0.1007 0.0792 0.0044 0.0159 
11 NT 0.1750 0.2254 0.3104 0.0044 
ST 0.1750 0.8340 0.33104 0.0159 
CP 0.2254 0.8340 0.0044 0.0159 
12 NT 0.1359 0.0930 0.0654 0.8881 
ST 0.1359 0.6163 0.0654 0.0801 
CP 0.0930 0.6163 0.8881 0.0801 
13 NT 0.0965 0.0001 0.0648 0.5385 
ST 0.0965 0.0001 0.0648 0.0270 
CP 0.0001 0.0001 0.5385 0.0270 
14 NT 0.3931 0.0007 0.0816 0.2176 
ST 0.3931 0.0011 0.0816 0.0134 
CP 0.0007 0.0011 0.2176 0.0134 
15 NT 0.3536 0.0010 0.0862 0.2161 
ST 0.3536 0.0016 0.0862 0.0139 
CP 0.0010 0.0016 0.2161 0.0139 
16 NT 0.0343 0.0004 0.0976 0.2148 
ST 0.0343 0.0009 0.0976 0.0155 
CP 0.0004 0.0009 0.2148 0.0155 
t P-values equal to or less than 0.05 are significantly different according to the Tukey 
adjustment test for multiple comparisons. 
t DAP, days after planting 
~NT, no-tillage; ST, strip-tillage; CP, chisel plow. 
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Table 2.4. Summary of P-values for comparing the effect of three tillage systems on the 
emergence rate index of com with liquid manure and commercial fertilizer in 2004 at Nashua. 
Liquid Swine Manure N Commercial fertilizer N 
P-valuet P-value 
Tillage 
DAPt Systems if NT ST CP NT ST CP 
11 NT 0.3132 0.5493 0.2504 0.8750 
ST 0.3132 0.6574 0.2504 0.2009 
CP 0.5493 0.6574 0.8750 0.2009 
12 NT 0.0778 0.6604 0.0004 0.0026 
ST 0.0778 0.1474 0.0004 0.0170 
CP 0.6604 0.1474 0.0026 0.0170 
13 NT 0.3046 0.8378 0.0031 0.0209 
ST 0.3046 0.3985 0.0031 0.0633 
CP 0.8378 0.3985 0.0209 0.0633 
14 NT 0.4128 1.000 0.0135 0.0129 
ST 0.4128 0.4128 0.0135 0.7364 
CP 1.0000 0.4128 0.0129 0.7364 
15 NT 0.4719 1.0000 0.0209 0.0236 
ST 0.4719 0.4719 0.0209 0.6735 
CP 1.0000 0.4719 0.0236 0.6735 
16 NT 0.3491 0.7246 0.0215 0.0244 
ST 0.3491 0.5420 0.0215 0.6724 
CP 0.7246 0.5420 0.0244 0.6724 
t P-values equal to or less than 0.05 are significantly different according to the Tukey 
adjustment test for multiple comparisons. 
t DAP, days after planting. 
if NT, no-tillage; ST, strip-tillage; CP, chisel plow. 
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Table 2.5. Summary of P-values for comparing the effects of tillage, N rate and their 
interactions on above ground biomass of com at four growth stages with two N sources in 
2002, 2003, and 2004 at Nashua. 
Liquid Swine Manure Commercial Fertilizer N 
P-valuet P-value 
Growth Stage Source 2002 2003 2004 2002 2003 2004 
V6 T 0.6185 0.5025 0.1155 0.2085 0.0009 0.0521 
N 0.0620 0.0973 0.0025 0.4673 0.2412 0.0504 
TxN 0.9480 0.0505 0.2038 0.4167 0.4949 0.7651 
V12 T 0.1036 0.1511 0.0559 0.0811 0.1688 0.0130 
N 0.1012 0.0008 0.0001 0.6436 0.0628 0.0141 
T x N 0.2194 0.0595 0.4161 0.8707 0.4605 0.7839 
VT T 0.6716 0.4175 0.0112 0.4461 0.0016 0.0014 
N 0.6069 0.0031 0.0001 0.0013 0.0032 0.0357 
T x N 0.4977 0.5578 0.0341 0.1681 0.8121 0.9958 
R6 T 0.0043 0.6728 0.0875 0.0690 0.8152 0.1365 
N 0.2679 0.7972 0.0001 0.0096 0.2049 0.0920 
TxN 0.7445 0.7344 0.0131 0.0875 0.5406 0.0055 
t P-values equal to or less than 0.05 are significantly different according to the Tukey 
adjustment test for multiple comparisons. 
t T, tillage; N, N rate; T x N, tillage interaction with N rate. 
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Table 2.6. Effect of three tillage systems and two N rates of two N sources on above ground 



















N Rate (kg ha- ) 
0 168 0 168 
Liquid Swine Manure Commercial Fertilizer 
- - - - - - - - - - - - Mg ha- - - - - - - - - - - - -
O.lAa 0.2Aa O.lAa O.lAa 
0.2Aa 0.2Aa O.lAa 0.2Aa 
O. lAat 0.2Aa O. lAa O.IAa 
3.2Aa 6.5Aa 2.9Aa 3.5Aa 
5.3Aa 6.2Aa 4.7Aa 5.2Aa 
5.9Aa 5.7Aa 3.6Aa 3.5Aa 
13.9Aa 1 l.7Aa 9.6Aa 9.0Aa 
10.4Aa l 1.8Aa 10.lAa 10.2Aa 
8.4Aa 13.9Ab 9.IAa 11.lAa 
16.0Ba 18.lBa 18.6Aa 24.2Ab 
18.2Ba 18.3Ba 22.lAa 21.9Aa 
21.8Aa 23.4Aa 17.3Aa 20.9Aa 
t NT, no-tillage; ST, strip-tillage; CP, chisel plow. 
t Means in columns with the same upper case letter are not significantly different according to 
the Tukey least square means adjusted for multiple comparisons. Means in rows with the same 
lower case letter are not significantly different according to the Tukey least square means 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.9. Summary of P-values for comparing the effects of tillage, N rate, and their 
interactions on com grain yield with two N sources in 2002, 2003 and 2004 at Nashua. 
Liquid Swine Manure Commercial Fertilizer 
P-valuet P-value 
Source 2002 2003 2004 2002 2003 2004 
T 0.4359 0.0764 0.3904 0.2219 0.8114 0.2178 
N 0.0001 0.0001 0.0001 0.0001 0.0005 0.0001 
TxN 0.7444 0.9443 0.7301 0.0502 0.3396 0.0537 
t P-values equal to or less than 0.05 are significantly different according to the Tukey 
adjustment test for multiple comparisons. 
t T, tillage; N, N rate; T x N, tillage interaction with N rate. 
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Table 2.1 O.Summary of P-values for comparing the effects of different N rates of two N 
sources on the grain yield of com within each tillage system in 2002 at Nashua. 
Liquid Swine Manure Commercial Fertilizer 
Tillage P-valuet P-value 
Systemt NRate 0 84 168 252 0 84 168 252 
NT 0 0.0001 0.0001 0.0001 0.0003 0.0001 0.0001 
84 0.0001 0.9821 1.0000 0.0003 0.9780 0.9994 
168 0.0001 0.9821 0.9986 0.0001 0.0780 1.0000 
252 0.0001 1.0000 0.9986 0.0001 0.9994 1.0000 
ST 0 0.0001 0.0001 0.0001 0.2712 0.5227 0.4271 
84 0.0001 0.9979 0.9937 0.2712 1.0000 1.0000 
168 0.0001 0.9979 1.0000 0.5227 1.0000 1.0000 
252 0.0001 0.9937 1.0000 0.4271 1.0000 1.0000 
CP 0 0.0001 0.0001 0.0002 0.0544 0.0011 0.0041 
84 0.0001 1.0000 1.0000 0.0544 0.8637 0.9901 
168 0.0001 1.0000 0.9999 0.0011 0.8637 1.0000 
252 0.0002 1.0000 0.9999 0.0041 0.9901 1.0000 
t P-values equal to or less than 0.05 are significantly different according to the Tukey 
adjustment test for multiple comparisons. 
t NT, no-tillage; ST, strip-tillage; CP, chisel plow. 
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Table 2.11. Summary of P-values for comparing effects of different N rates of two N sources 
on the grain yield of com within each tillage system in 2003 at Nashua. 
Liquid Swine Manure Commercial Fertilizer 
Tillage P-valuet P-value 
Systemt NRate 0 84 168 252 0 84 168 252 
NT 0 0.1098 0.0091 0.0015 0.0289 0.0174 0.0516 
84 0.1098 0.9898 0.7626 0.0289 1.0000 1.0000 
168 0.0091 0.9898 0.9997 0.0174 1.0000 1.0000 
252 0.0015 0.7626 0.9997 0.0516 1.0000 1.0000 
ST 0 0.3109 0.0259 0.0079 0.2616 0.6540 0.7734 
84 0.3109 0.9766 0.8152 0.2616 0.9999 0.9985 
168 0.0259 0.9766 1.0000 0.6540 0.9999 1.0000 
252 0.0079 0.8152 1.0000 0.7734 0.9985 1.0000 
CP 0 0.1585 0.1028 0.0384 0.9777 1.0000 0.9964 
84 0.1585 1.0000 0.9999 0.9777 0.9999 1.0000 
168 0.1028 1.0000 1.0000 1.0000 0.9999 1.0000 
252 0.0384 0.9999 1.0000 0.9964 1.0000 1.0000 
t P-values equal to or less than 0.05 are significantly different according to the Tukey 
adjustment test for multiple comparisons. 
t NT, no-tillage; ST, strip-tillage; CP, chisel plow. 
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Table 2.12. Summary of P-values for comparing the effects of different N rates of two N 
sources on the grain yield of com within each tillage system in 2004 at Nashua. 
Liquid Swine Manure Commercial Fertilizer 
Tillage P-valuet P-value 
Systemt NRate 0 84 168 252 0 84 168 252 
NT 0 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
84 0.0001 0.2319 0.7363 0.0001 0.2282 0.4178 
168 0.0001 0.2319 0.3845 0.0001 0.2282 0.6838 
252 0.0001 0.7363 0.3845 0.0001 0.4178 0.6838 
ST 0 0.0001 0.0001 0.0001 0.0123 0.0307 0.0237 
84 0.0001 0.3845 0.3169 0.0123 0.6838 0.7709 
168 0.0001 0.3845 0.8927 0.0307 0.6838 0.9072 
252 0.0001 0.3169 0.8927 0.0237 0.7709 0.9072 
CP 0 0.0001 0.0001 0.0001 0.0015 0.0001 0.0001 
84 0.0001 0.6863 0.8397 0.0015 0.1122 0.2742 
168 0.0001 0.6863 0.5454 0.0001 0.1122 0.6010 
252 0.0001 0.8397 0.5454 0.0001 0.2742 0.6010 
t P-values equal to or less than 0.05 are significantly different according to the Tukey 
adjustment test for multiple comparisons. 









































































































































































































































































































































Table 2.14. Maximum and economic optimum N rates of two N sources for com production 
with chisel plow, no-tillage, and strip-tillage systems in 2002, 2003 and 2004 at Nashua. 
Liquid Swine Manure Commercial Fertilizer 
Year Tillage Systemst MNRt EONRt MNR EONR 
- - - - - - - - - - - - - kg ha· - - - - - - - - - - - - -
2002 NT 175.3aif 170.5a 182.6a 160.4a 
ST 188.7a 182.3a 170.5a 116.3a 
CP 171.0a 165.la 190.0a 156.0a 
2003 NT 302.8a 265.0a 168.8a 133.0a 
ST 192.2a 174.la 160.0a 100.0a 
CP 200.la 176.3a 172.9a 151.0a 
2004 NT 334.0a 315.0a 187.2a 172.6a 
ST 232.7a 217.0a 222.7a 174.7a 
CP 226.0a 209.0a 206.0a 181.2a 
t NT, no-tillage; ST, strip-tillage; CP, chisel plow. 
t MNR, maximum N rate; EONR, economic optimum N rate. 
if Means in columns with the same lower case letter are not significantly different according to 
the Tukey least square means adjusted for multiple comparisons. 
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Table 2.15. Grain yield and com stalk N03-N concentration at the maximum and optimum N 
rates for com within two N sources averaged across three tillage systems (chisel plow, no-
tillage, and strip-tillage) in 2002, 2003 and 2004 at Nashua. 
Com Grain Yield Com Stalk N03-N 
Liquid Swine Commercial Liquid Swine Commercial 
Manure Fertilizer Manure Fertilizer 
Year MNRt EONRt MNR EONR MNR EONR MNR EONR 
- - - - - - - - - - Mg ha- ---------- - - - - - - - - - - mg kg- - - - - - - - - - -
2002 13.3 13.2 13.0 12.9 4444 4412 2565 2547 
2003 9.3 9.2 9.0 8.6 1709 1703 3258 3114 
2004 12.2 12.2 12.0 11.9 1250 1250 2241 2222 
t MNR, maximum N rate; EONR, economic optimum N rate. 
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Table 2.16. Summary of P-values for comparing the effect of tillage, N rate and their 
interactions on late spring soil N03-N concentration of two N sources in 2002, 2003 
and 2004 at Nashua. 
Liquid Swine Manure Commercial Fertilizer 
P-valuet P-value 
Source 2002 2003 2004 2002 2003 2004 
T 0.2643 0.0305 0.0672 0.1332 0.4293 0.6669 
N 0.1862 0.8027 0.0007 0.1181 0.0051 0.0947 
TxN 0.6019 0.3130 0.3900 0.2894 0.5044 0.6863 
t P-values equal to or less than 0.05 are significantly different according to the Tukey 
adjustment test for multiple comparisons. 
t T, tillage; N, N rate; T x N, tillage interaction with N rate. 
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Table 2.1 7. Harvest index of com with four N rates of two N sources and three tillage systems 
in 2002, 2003 and 2004 at Nashua. 
N Rate (kg ha- ) 
Tillage Liquid Swine Manure Commercial Fertilizer 
Year Systemt 0 84 168 252 0 84 168 252 
2002 NT 0.5Ba 0.6Ba 0.4Ba 0.5Ba 
ST 0.4ABa 0.6ABa 0.5ABa 0.46Ba 
CP 0.4Aa 0.5Aa 0.5Aa 0.6Aa 
2003 NT 0.3Aa 0.4Aa 0.4Aa 0.4Aa 0.7Aa 0.7Aa 0.6Aa 0.7Aa 
ST 0.3Aa 0.4Aa 0.4Aa 0.4Aa 0.7Aa 0.6Aa 0.6Aa 0.6Aa 
CP 0.4Aa 0.4Aa 0.4Aa 0.5Aa 0.7Aa 0.7Aa 0.5Aa 0.6Aa 
2004 NT 0.5Aa 0.6Aa 0.6Aa 0.7Aa 0.3Aa 0.5Ab 0.7Ac 0.6Ac 
ST 0.5Aa 0.7Ab 0.5Aa 0.6Aa 0.4Aa 0.6Ab 0.6Ab 0.6Ab 
CP 0.6Aa 0.6Aa 0.6Aa 0.7Aa 0.4Aa 0.5Ab 0.6Abc 0.6Ab 
t NT, no-tillage; ST, strip-tillage; CP, chisel plow. 
t Means in columns with the same upper case letter are not significantly different according to 
the Tukey least square means adjusted for multiple comparisons at PS.0.05. Means in rows 
with the same lower case letter are not significantly different according to the Tukey least 
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Figure 2.1. Emergence rate index of corn with liquid swine manure and commercial N as 
influenced by three tillage systems during the growing season of 2002, 2003, 2004 at 
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Figure 2.2. Com grain yield as a function of N rate of liquid swine manure and commercial N 
under three tillage systems at Nashua; a) liquid swine manure in 2002, b) commercial Nin 
2002, c) liquid swine manure in 2003, d) commercial Nin 2003, e) liquid swine manure in 
2004, f) commercial N in 2004. 
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Figure 2.3. Relative corn grain yield averaged over three years as a function ofN rate of 
liquid swine manure and commercial N across three tillage systems (chisel plow, no-tillage, 
and strip-tillage) at Nashua. 
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Figure 2.4. Com grain yield averaged over three years as a function of N rate of liquid swine 
manure and commercial N across three tillage systems (chisel plow, no-tillage, and strip-
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Figure 2.5. Com grain yield as a function of com stalk N03-N concentration of liquid swine 
manure and commercial fertilizer averaged across three tillage systems (chisel plow, no-
tillage, and strip-tillage) at Nashua. 
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Figure 2.6. Relative grain yield of corn averaged over three years as a function of corn stalk 
N03-N concentration ofliquid swine manure and commercial fertilizer across three tillage 
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Figure 2.7. Com grain yield averaged across three tillage systems (chisel plow, no-tillage, 
and strip-tillage) as a function of late spring soil N03-N concentration ofliquid swine manure 
and commercial fertilizer at Nashua in 2002. 
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Figure 2.8. Com grain yield averaged across three tillage systems (chisel plow, no-tillage, 
and strip-tillage) as a function of late spring soil N03-N concentration of liquid swine manure 
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Figure 2.9. Corn grain yield averaged across three tillage systems (chisel plow, no-tillage, 
and strip-tillage) as a function of late spring soil N03-N concentration of liquid swine manure 
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Figure 2.10. Relative grain yield of com averaged over three years as a function of late spring 
soil N03-N concentration ofliquid swine manure and commercial fertilizer across three 
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Figure 2.11. Com stalk N03-N concentration averaged across three tillage systems (chisel 
plow, no-tillage, and strip-tillage) as a function ofN rate ofliquid swine manure and 
commercial fertilizer in 2002, 2003, and 2004 at Nashua. 
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Figure 2.12. Com stalk N03-N concentration averaged over three years as a function ofN 
rate of liquid swine manure across three tillage systems (chisel plow, no-tillage, and strip-
tillage) at Nashua. 
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Figure 2.13. Late spring soil N03-N concentration for three years as a function ofN rate of 
liquid swine manure and commercial fertilizer across three tillage systems (chisel plow, no-
tillage, and strip-tillage) at Nashua. 
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Figure 2.14. Late spring soil N03-N concentration averaged over three years as a function of 
N rate of liquid swine manure and commercial fertilizer across three tillage systems (chisel 
plow, no-tillage, and strip-tillage) at Nashua. 
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CHAPTER3 
EFFECTS OF TILLAGE SYSTEM AND NITROGEN SOURCE ON SELECTIVE 
SOIL PROPERTIES 
INTRODUCTION 
Different tillage systems impact soil properties differently. Conventional tillage 
systems (CT) alter surface soil residue cover and expose the soil surface to rapid evaporation 
and warming, directly influencing soil water storage at the soil surface (Fuentes et al., 2003). 
On the other hand, conservation tillage systems, especially no-tillage (NT), promotes residue 
build-up on the soil surface, reduces surface soil temperatures and water evaporation, and 
improves soil water storage (Allmaras et al., 1964; Anderson and Russell, 1964; Greb 1966; 
Ritchie, 1971; Wilhelm et al., 1989; Aase and Pikul, 1995). Another notable characteristic of 
NT is poor seedling establishment and early season plant growth, especially with corn, which 
results from wet and cool surface soil conditions (Blevins and Cook, 1970; Phillips, 1974; 
Unger, 1978; Warrington and Kanemasu, 1983; Gupta et al. 1988; Hammel, 1989; Kaspar et 
al., 1990; Logsdon et al., 1990; Erbach et al., 1992; Fortin, 1993; Vyn and Raimbault, 1993). 
Gupta et al. (1983) showed that surface soil residue cover decreased soil temperatures at the 
seed zone, delaying corn seed germination and slowing seedling growth. Radke (1982) found 
that surface mulching decreased daytime soil temperatures, but a combination of mulch and 
ridge offset this temperature decrease and showed no difference between seedbed soil 
temperature under a mulch-covered ridge and a CT soil without mulch. In southwestern 
Ontario, Canada CT and NT with and without red clover cover crop in a wheat-corn-soybean 
rotation showed that NT with and without red clover reduced soil temperatures by 1 to 2°C 
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during corn emergence (Drury et. al., 1999). Although, NT was wetter in the spring, soil 
dryness along the planting slot of NT opened the soil seed furrow to make the corn seedlings 
become water stressed. Strip-tillage (ST) combines the benefits of CT and NT. The ST 
system only disturbs a narrow strip of soil (15-20 cm wide and 15-20 cm deep). The 
disturbed narrow strip of soil without residue cover receives solar energy to promotes soil 
warming and better seed germination and emergence, leaving inter-row residue in place to 
minimize surface soil evaporation and enhance soil water storage (Al-Kaisi and Hanna, 2002; 
Licht and Al-Kaisi, 2005). According to Al-Kaisi and Hanna (2002), the possible benefits of 
ST over NT for early seedling emergence are increased soil temperature in the top 5-cm soil 
depth by 1°C and the faster soil drying. Licht and Al-Kaisi (2005) showed that a soil 
temperature increase (1.2 tol .4°C) in the top 5 cm of ST over that of NT contributed to an 
improvement in plant emergence rate index (ERI) under ST and concluded that ST can 
contribute effectively to improved ERI similar to CT and also conserve soil moisture 
effectively compared with NT. Kaspar et al. (1990) also showed that removing com residue 
from the seedbed increased the rate of corn emergence. This was attributed to higher 
maximum soil temperature due to residue removal as confirmed by Al-Kaisi and Hanna 
(2002) and Licht and Al-Kaisi (2005). 
Adequate soil moisture is essential in dryland cropping. Numerous studies have 
shown that NT stores more soil moisture compared with CT. In southwest Kansas, Norwood 
and Curie (1996) investigated the proper management practices for dryland corn, and 
concluded that dry land com responded well to the favorable soil moisture conditions of NT 
compared with CT. In south central Iowa, Ghaffarzadeh et. al, 1997, studied the comparison 
of CT, reduced tillage (RD), and NT in a three-crop strip intercropping system including com 
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on a poorly drained Haig soil. They found that NT resulted in the most favorable soil water 
status compared to CT. Bonfil et al. (1999) compared the effect ofNT and CT on wheat 
growth and water use in both a wheat-fallow and continuous wheat rotation and concluded 
that in arid zones the use of a wheat-fallow rotation managed under NT increased soil water 
storage and use. According to Norwood (1994) less evaporation and surface runoff in NT 
allowed water to move deeper into the soil profiles compared with CT and that NT soil 
profiles stored twice as much available water compared with CT. He concluded that sixty-
two percent of this additional water storage was below 0.9 man indication that soil moisture 
storage increases with soil depth. Licht and Al-Kaisi (2005) and Johnson et al. (1984) also 
reported that more soil water was available in the top one meter of NT compared with other 
tillage systems. 
Soil penetration resistance is a measure of soil strength and the degree of soil 
compaction, which is in turn affected by bulk density and moisture content (Ayers and 
Perumpral, 1982; Croissant et. al., 1991). Generally, NT systems show high soil penetration 
resistance at the soil surface due to less soil disturbance (Hammel, 1989). Ayers and 
Perumpral (1982) found that soil penetration resistance increases with the increase in soil 
depth regardless of tillage system (Vyn and Raimbault, 1993). Erbach et al. (1992) found that 
penetration resistance of NT was slightly higher in the top 10-cm soil depth compared with 
CT. 
Besides having appropriate soil physical conditions for plant growth, adequate levels 
of plant nutrients in the soil are equally critical to plant growth and crop yield. Some studies 
have shown that the addition of plant nutrients particularly N and P has an indirect effect on 
water use by plants through the physiological efficiency of the plant (Hatfield et al., 2001). 
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Improved water use and maximum crop yield in com have been reported with increased 
additions ofN fertilizer (Reeves et al., 1993; Jokela and Randall, 1989; Corak et al., 1991). 
An evaluation of the impact ofN and tillage management strategies on crop performance 
should be closely linked to soil characteristics in order to develop better management 
practices for crop production. The impacts of conventional and conservation tillage on soil 
properties as well as the impact ofN on crop performance are well documented. However, 
there is limited research available on the interaction of tillage and N sources on selected soil 
properties. The objective of this study is to evaluate the interaction effects of no-tillage, strip-
tillage, and chisel plow and four N rates of both liquid swine manure and commercial 
fertilizer on soil temperature, seedling emergence, soil moisture storage and extraction, and 
soil penetration resistance in a com-soybean rotation. 
MATERIALS AND METHODS 
Site Description 
The study was conducted at the Northeast Research and Demonstration Farm oflowa 
State University near Nashua in Floyd County. The experimental site is nearly level to gently 
sloping with Kenyon (fine loamy, mixed mesic Typic Hapludolls) soil. The average annual 
precipitation ofNortheastem Iowa is 896 mm with a growing season (April through 
September) average of701 mm. 
Experimental Design and Description 
The experiment was conducted on a land area of 16 ha from 2002 to 2004. The 16 ha 
site was divided into two main 8 ha sites (east and west sites) for a com and soybean rotation. 
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During the corn year the 8 ha was split into two 4 ha sites for applying two different N 
sources. On one 4 ha site liquid swine manure was applied to corn at four different N rates, 
while on the adjacent 4 ha site commercial N fertilizer was used at similar N rates. The 
experimental design for each corn experiment with different N source was a randomized 
complete block with split-plot arrangement in three replications. Tillage system was 
implemented to be the main plot with N rate of either source as the sub-plot. Three tillage 
systems of chisel plow (CP), strip-tillage (ST), and no-tillage (NT) were randomly assigned 
to each replication as the main plot treatments and four nitrogen rates of 0, 84, 168 and 252 
kg N ha-1 were assigned randomly to each tillage treatment as sub-plot treatments during 
each corn year. The size of each tillage plot was 56.1 m long by 21.3 m wide. The sub-plot 
size of each N rate within the main tillage plots was 56.1 m long by 5.3 m wide. 
The following com-soybean rotation was established for the study. In 2002, the 
eastern half of the experimental site was planted with corn and the western half planted with 
soybeans. In 2003, corn and soybeans were planted in the 2002 soybeans and corn residues, 
respectively and vice versa in 2004. 
Field operations for the experiments were the same during 2002, 2003, and 2004 and 
started in the fall of the previous year with tillage operations and nitrogen application of 
liquid swine manure. In November of each year after harvest, CP and ST treatments were 
implemented in the corn and soybean residue plots. Conventional tillage was done using a 
Glencoe Soil Saver chisel plow, model 166297 (Glencoe Portable Elevator-Division, 
Glencoe, MN2). The unit has five chisel blades each measuring 55.9 cm long and 10.2 cm 
2 Trade names are used for the benefit of the reader and do not imply endorsement by Iowa State University 
over comparable products. 
77 
wide with an effective soil depth of 15.2 to 17.8 cm on a 2.29 m tool bar. A straight disc was 
used in front of the chisel point to cut through residue. Strip-tillage was conducted using a 
DMI six row model 4300 on a 4.57 m toolbar (Case Corp., Racine, WI). The unit has mole 
knives attached to DMI toolbar loaded shanks which create 20.32 cm deep tilled zones and 
has 45.7 cm diameter closing disks which close up the tilled zones to create 20.32 cm wide 
and 7.62 cm berms. 
After the CP and ST operations were completed, liquid swine manure was 
immediately injected in the soybean residue plots at the rates of 0, 84, 168, and 252 kg N ha-1 
for the com experiment using a Badger 5800L liquid manure applicator (Badger Northland, 
Inc., Kaukauna, WI). The manure applicator was modified to cause minimum soil 
disturbance in NT plots. The manure applicator has a 10.2-cm diameter hydraulic paddle 
pump with a Krohne electromagnetic flow meter (model IFS 4000F) and a signal converter 
IFC 090F (Krohne Inc., Peabody, MA). The toolbar consisted of a three-knife Yetter 
Avenger manure application disk unit that was 63.5 cm wide with 63.5 cm angle blades, 
which open 5 cm narrow slots 7.6 tol0.2 cm deep to hold manure. In addition, a modified 
Yetter disc-sealer was used with 35.6 cm diameter closing discs, which closes the narrow slot 
left by the Yetter Avenger units to seal the manure in the ground. 
Anhydrous ammonia was applied at the same rates of 0, 84, 168, and 252 kg N ha-1 in 
April on the adjacent 4-ha quadrant of the com experiment. Anhydrous ammonia was 
injected at a 15-cm soil depth on the chisel plow and strip-tillage treatments using mole 
knives. On the no-tillage treatment, anhydrous ammonia was injected at a 15-cm soil depth 
using an applicator with 1.25 cm wide shanks with a 3. 5 cm wide shovel. In May of each 
year during planting, a starter fertilizer was applied to the anhydrous ammonia plots using a 
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5-cm by 5-cm method of application at the rate of 56 kg ha-1 of mono ammonium phosphate 
(11-52-0) and 56 kg ha-1 of potassium (0-0-62) to bring P and K to adequate levels as with 
the liquid swine manure treatments. 
Field cultivation of the CP plots in the soybean residue was done in the spring prior to 
planting com to control weeds and level the CP plots using a Kent series 5 field cultivator 
with 5 rows of 22.9 cm long cultivator shovels set at 17.8 cm spacing. Com was planted in 
early May each year using Dekalb 537 (non-BT) corn at a plant population of 84,185 plants 
ha-I. A six-row pull-type Kinze 2000 series planter, 4.57 m wide (Kinze Manufacturing, 
Williamsburg, IA) was used to plant com. The planter units were equipped with Yetter 
double disk residue wheels (model 2967 Series Residue Mangers), which throw the residue 
away from the planter units, Kinze dry fertilizer boxes with heavy duty single disc fertilizer 
openers, and soil press wheels. During planting, the corn experiment was simultaneously 
sprayed with a pre-emergence 6.4 EC Surpass herbicide at the rate of 189 liters ha-I using a 
Ritchie Bestway herbicide applicator with model number 492 (Ritchie Bestway Conrad, IA) 
behind the series planter. The Bestway herbicide applicator has a 9 .14 m spray boom with 
XR TeeJet 11004 VS nozzles. At maturity, corn was harvested at 15% grain moisture content 
with a John Deere 4400 Combine harvester with a shivers moisture meter "moisture tree" 
model 5010 (Corydon, IA). The scale in the combine is an Arts-Way Model 700E scale 
(Weigh-Tronix Inc., Fairmont, MN). 
Crop measurements 
Com emergence rate index (ERI) was determined with the method outlined by Erbach 
(1982). In this method, two corn rows each measuring 5.3 min the 168 kg N ha-I rate plots of 
79 
each tillage system were staked prior to corn emergence and monitored until final seedling 
emergence (generally 10-14 days after initial emergence). Corn emergence was monitored on 
daily basis at the same time each day until no change in total number of plants was observed. 
Then ERI was calculated using the following equation after Erbach (1982): 
last 
ERI= I 
[%n - %(n-1)] 
n =first n 
(1) 
where, %n is the percentage of plants emerged on day n; %(n-1) is the percentage of plants 
emerged on day n-1, n is the number of days after planting, first is the number of days after 
planting when the first plant emerged, and last is the number of days after planting when 
emergence was completed. A quadratic function was used to develop the relationship 
between ERI and daily soil temperature for each tillage system in 2002, 2003, and 2004. The 
quadratic equation was used to determine the maximum soil temperature needed for optimum 
ERI within each tillage treatment. 
The maximum soil temperature of emergence (MSTE) for each tillage treatment was 
determined by solving the following quadratic equation: 
Y= a+ bX- cX2 (2) 
where; Y is ERI and Xis soil temperature. To determine MSTE, equation (2) was solved by 
taking the first derivative of both sides of the equation. The MSTE then was estimated by 
setting the first derivative of the equation to zero and solving for the value of x in the 
equation, which represents the MSTE to achieve maximum ERI for each tillage treatment. 
dY/dX = b - 2cX (3) 
O=b-2cX (4) 
Therefore, MSTE or X can be determined from the following equation: 
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MSTE or X = (b/2c) (5) 
An example of calculation to estimate the MSTE for chisel plow in 2002 is as follows: 
Y = -81.5771 + 9.2998X -0.2443X2 (6) 
dY/dX = 9.299-0.4886X (7) 
Then dY/dX = 0 and equation (7) becomes: 
0 = 9.299-0.4886X 
MSTE or X = 9.299 I 0.4886 
MSTE = 19.0°C for chisel plow in 2002. 
(8) 
(9) 
By substituting the value ofMSTE or X = 19.0°C in equation (6), the maximum ERI (MERI) 
or y for the chisel plow treatment can be estimated as follows: 
MERI or Y = -81.5771 + 9.2998 (19.0)- 0.2443 (19.0)2 
MERI or Y = - 81.5771+176.99- 88.4889 
MERI or Y = 6.9 
The MERI of com under chisel plow at the MSTE of 19.0°C is 6.9 in 2002. 




Soil temperature measurements were taken on plots with the N rate treatment of 168 
kg N ha-1 ofliquid swine manure or commercial fertilizer for all tillage treatments. Soil 
temperature was measured hourly using compact waterproof Model 100 Watchdog 
temperature sensors (Spectrum Technologies Inc., Plainfield, IL). Each temperature sensor 
has a plastic base, which is 5 .4 cm long and 5 .4 cm wide, and a waterproof metallic case that 
protects an internal sensor circuitry. The waterproof metallic case projects 0.5 cm above the 
plastic base of the data logger and is capable of logging up to 2000 measurements at intervals 
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from one minute to two hours. A sharp knife was used to create a 5 cm deep and 10 cm wide 
opening at the center of each tillage treatment in which the temperature sensors were placed 
with the waterproof metallic case facing up. The temperature sensors were covered with soil, 
which was adequately firmed around the waterproof metallic case in order to create good 
contact between the metallic case of the temperature sensor and the soil. The temperature 
sensors on the strip-tillage treatments were placed in the tilled zone. The temperature sensors 
in the tillage treatments were marked with flags for easy identification and retrieval of the 
temperature sensors at the end of the temperature measuring period. Hourly soil 
temperatures were measured for a period often weeks beginning in early April before 
planting though middle of June after seedling complete establishment. The hourly soil 
temperatures were downloaded from the temperature sensors using a Spec Ware 6.0 software 
(Spectrum Technologies Inc., Plainfield, IL), which has the ability to organize and reproduce 
the measured hourly soil temperature data from the data logger numerically and graphically 
as a function of time. Hourly soil temperatures measured from each tillage treatment at a 5-
cm soil depth was averaged over a 24-hour period for each day in order to obtain the average 
daily soil temperatures for each tillage treatment of both N sources during the entire period of 
temperature measurement. Soil temperature is presented at a 5-cm soil depth for each tillage 
treatment averaged across N source treatments. Soil temperature data were analyzed and 
presented on daily basis for the entire period over which soil temperature was measured or as 
hourly soil temperatures for the following periods of each season: before planting, planting to 
initial emergence, and initial to final emergence for 2002, 2003 and 2004. Days on which 
hourly soil temperatures are presented were categorized into four different weather 
conditions as cold and dry, warm and dry, cold and wet, and warm and wet based on air 
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temperature and precipitation. A day is defined as a cold day, if the average air temperature 
of that day is below 10°C and a wet day if any rainfall event on that day is above a trace. 
Soil Moisture Measurements 
Soil moisture was measured using an Imko TRIME-FM instrument (MESA System 
Company, Medfield, MA) with time domain reflectometry technology. Soil moisture in the 
top 15-cm soil depth was measured using a TRIME-P3 3-rod probe. Soil moisture profile 
was measured with a TRIME-T3 tube access probe to the soil depth of 120 cm at five 
increments of0-15, 15-30, 30-60, 60-90, and 90-120 through the soil profile. Transparent 
plastic soil moisture access tubes (1.2 m long and 44 mm in diameter) were installed in three 
replications in each tillage treatment on the 168 kg N ha·1 plots of both N sources to measure 
soil moisture to the depth of 120 cm. A total of 18 tubes were installed for the two N sources 
of com experiments. Soil moisture access tubes were installed using the Giddings model 
GSRPS hydraulic soil probe (Giddings Machine Company, Fort Collins, CO). A 41 mm 
slotted soil tube adapted with a quick relief bit was used to remove a 1.1 m long soil core. A 
slightly smaller diameter and shorter soil core was removed to ensure a good contact of the 
soil moisture access tube with the soil at the point of tube installation. The soil profile water 
access tubes were installed using a steel guide and ramming head to avoid damaging the 
access tube. After installing a tube, a rubber stopper assembly was placed at the bottom of the 
tube with a long open-end metal rod. The rubber assembly at the bottom of each tube ensured 
that water form the soil did not enter the tube from the bottom after a rainfall event. A plastic 
cup was placed on each access tube to prevent rain water, soil, insects and rodents from 
occupying the access tubes during the period of soil water measurement. 
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Soil Water Extraction 
Seasonal soil water extraction by com roots was calculated for each tillage treatment 
using a soil moisture balance approach. Initial soil profile moisture content was measured 
using the Time Domain Reflectometry (TDR), an Imko TRIME-FM instrument (MESA 
System Company, Medfield, MA, USA). Soil moisture in the top 0-15 cm of soil depth was 
measured using the TDR TRIME-P3 3-rod probe. Soil moisture profile was measured with a 
TRIME-T3 tube access probe to the soil depth of 120 cm at five increments of0-15, 15-30, 
30-60, 60-90 and 90-120 through the soil profile. Weekly soil profile moisture measurements 
were taken for eight weeks. Each measurement was compared with the previous 
measurement. Lower soil moisture content relative to the previous measurement was 
subtracted from the previous higher soil moisture content and recorded as the amount of soil 
water extracted between two measurement dates. Any such differences in soil moisture 
content that occurred between measurements during the eight week period were added up 
and expressed as a percentage of the average moisture content of a particular soil depth over 
8 week period. 
Soil Penetration Resistance 
Soil penetration resistance was measured using a Rimik CP-20 penetrometer (Soil 
Measurement System, Tucson AZ). The penetrometer used a 30° cone with a base 1.27 cm in 
diameter. The targeted insertion speed was 1.3 m min-1, in the range of 1-2 m min-1. In 2002, 
three insertion points were randomly chosen diagonally in each replication of each tillage 
treatment for the measurement of penetration resistance in both N sources com experiments. 
The average value of these three insertions measurements in each replication of each tillage 
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treatment was used as the penetration resistance value for each replication for each tillage 
treatment. Penetration resistance was measured weekly beginning May after planting, to the 
R6 growth stage of com. In 2003, penetration resistance was measured weekly within and 
between rows of com of both N sources com experiments from May to the R6 growth stage 
of com. Three insertion points each were measured for either the within or between row 
treatments and the average of the three was taken as the penetration resistance of soil either 
within or between the rows for each replication of each tillage treatment. The Rimik CP-20 
penetrometer has enough memory to store 750 insertion points. In 2004, penetration 
resistance measurements procedure was similar to that of2003. Penetration resistance 
measurements for 2004 season started on May 12 as the early growing season measurement 
and ended on September 30 at the R6 growth stage of com as the end of season 
measurement. 
Statistical Analysis 
The GLM procedure of SAS statistical software package (SAS 9.1) was used to 
perform the analysis of variance appropriate for randomized complete block design with 
split-plot arrangement (SAS, 2003). Separate statistical analyses were done for dependent 
variable for each of the study. Soil moisture profile and penetration resistance of different 
depths data were analyzed using mixed and repeat measurements procedures due to none 
randomized factor of soil depths. The Tukey studentized range test was used to compare 
treatment effects. When treatment effects show significant differences,p-values for the 
differences or otherwise are stated in the text. Significant differences are indicated with 
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asterisks on figures. Probability levels equal to or less than 0.05 were categorized as 
significant. 
Daily Soil Temperature 
RESULTS AND DISCUSSION 
Tillage and Soil Temperature 
The trend of daily average soil temperatures in each growing season was similar to 
that of the daily average air temperatures. High daily average soil temperatures corresponded 
with high daily average air temperatures. Similarly, low daily average soil temperatures 
corresponded with low daily average air temperatures (Fig. 3 .1 ). In 2002, except for the 
following nine days of the year (DOY) 109, 111, 112, 117, 118, 131, 132, 149 and 154, 
where there were no significant differences in daily average soil temperatures between all 
tillage treatments, the remaining 43 days showed significantly higher soil temperatures for 
CP and ST compared to NT treatment. Significant differences did not occur between the CP 
and ST (Fig. 3.1). In both 2003 and 2004, daily average soil temperatures for all tillage 
treatments did not show significant differences. However, soil temperatures for NT in 2002, 
2003, and 2004 were consistently lower compared with the CP and ST. This observation in 
soil temperature differences was attributed to the residue cover of NT, which insulated the 
NT soil surface and limited heat energy and moisture exchange between the soil surface and 
the atmosphere. The residue cover in NT reduces soil moisture evaporation and subsequently 
keeps the NT soil surface wetter and cooler than the other two tillage systems, where 
completely and partially exposed soil surfaces in CT and ST, respectively, increased surface 
evaporation, which led to faster drying and warmer soil temperatures in the top 5 cm of soil. 
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Hourly Soil Temperature 
In 2002, hourly soil temperatures at the 5-cm soil depth for four selected DOY before 
planting com are presented in Fig. 3.2. The hourly soil temperatures for all tillage treatments 
prior to com planting showed significant differences on DOY 103, 105 and 106 (p = 0.0029, 
0.0024 and 0.0020, respectively), most particularly in the afternoon. However, hourly soil 
temperatures of all tillage treatments for DOY 111 did not show significant differences (Fig. 
3.2). The differences in hourly soil temperatures between NT and ST and CP treatments 
showed that both CP and ST have warmer temperatures compared with NT. Hourly soil 
temperatures at the 5-cm soil depth for selected days in the period from planting to initial 
com emergence are presented in Figure 3.3. Except for DOY 131and132, hourly soil 
temperatures for DOY 128 and 135 showed significant differences (p = 0.0223 and 0.0121, 
respectively) between all tillage systems treatments in the afternoon (Fig. 3.3). Hourly soil 
temperatures for ST and CP were warmer compared to NT, while ST and CP did not show 
significant differences. 
Hourly soil temperatures at the 5-cm soil depth for the period from initial to final 
emergence are presented in Figure 3.4. Except for DOY 149, which represents a warm and 
wet day during final com emergence, hourly soil temperatures for all tillage treatments on 
DOY 141, 143 and 148 showed significant differences (p = 0.0042, 0.0292 and 0.0046, 
respectively) mostly in the afternoon (Fig. 3.4). Strip-tillage and CP treatments showed 
warmer soil temperatures compared to NT, but did not show any significant differences. The 
residue cover on the NT treatment (78%) mostly insulates the soil surface from either the 
colder or warmer air of the atmosphere and thus reduces the exchange of heat energy 
between the soil surface and the atmosphere. The result is a wet and cool NT surface soil. On 
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the other hand, CP and ST with lesser amounts of residue cover ( 42 and 50%, respectively) 
showed more exposed surface soil and thus exchange of heat energy and moisture was 
greater leading to dryer and warmer soil surface compared to NT. 
In 2003, hourly soil temperatures at the 5-cm soil depth for selected days before 
planting com, from planting to initial emergence, and from initial to final emergence are 
presented in Figs. 3.5, 3.6 and 3.7. The hourly soil temperatures for all tillage treatments 
during those periods of the growing season did not show any significant differences. During 
those periods particularly on wet days, NT showed slight variation in soil temperatures but 
still lower temperatures compared with the ST and CP treatments. The energy in rainwater 
has the potential to warm a cool soil like that ofNT. The residue cover on NT (67%) mostly 
reduces heat energy exchange and evaporation between the soil surfaces and the atmosphere 
and thus conserves heat to show comparable soils temperatures with ST and CP with 49 and 
25% residue cover respectively. 
In 2004, hourly soil temperatures at the 5-cm soil depth for selected days before 
planting com, from planting to initial emergence, and from initial to final emergence are 
presented in Figs. 3.8, 3.9 and 3.10. Similar to 2003, hourly soil temperatures in 2004 for all 
tillage treatments during those periods in the growing season did not show any significant 
differences. However, NT with 69% residue cover showed comparable soil temperatures 
with ST and CP with 52 and 33% residue cover respectively. 
Soil Temperature and Emergence Rate Index 
The relationships between soil temperature and emergence rate index (ERI) of com 
averaged across both N sources for 2002, 2003 and 2004 are presented in Fig. 3 .11. 
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Emergence rate index increases with increases in soil temperature for all tillage treatments. 
The ERi for NT in 2002, 2003 and 2004 were consistently lower compared with ST and CP, 
which showed an improvement in ERi. Warmer soil temperatures in addition to adequate soil 
moisture are requirements for seed germination and seedling establishment. Higher amounts 
of residue in NT conserves soil moisture at the soil surface, keeps the surface soil moist with 
cooler soil temperatures, and subsequently delays seed germination compared with ST and 
CP. The warmer and drier surface soil conditions in ST and CP favored seed germination and 
seedling growth and therefore showed improvement in ERI compared with NT. In 2002, 
2003 and 2004, ST and CP showed the highest MSTE with the highest corresponding MERI 
and NT showed the lowest MSTE and MERI values (Table 3.1). There are two reasons for 
this trend in MSTE and MERI values. The residue cover in NT protected the surface soil 
from direct contact with solar radiation and thus reduced soil surface evaporation, keeping 
the soil surface cooler and moist. The moist and cooler soil surface temperatures in NT 
delayed seed germination and seedling growth. On the other hand, ST and CP with more 
exposed surfaces due to lesser amounts of residue cover compared NT experienced more 
surface evaporation, dried out faster and showed warmer soil temperatures compared with 
NT. 
A general relationship between ERi and soil temperature averaged over three years 
across all tillage treatments and across both N sources showed a non-linear relationship (Fig. 
3.13). It was observed that MERI of 8.9 can be obtained at MSTE of 22.4°C irrespective of 
tillage treatment. 
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Tillage and Soil moisture 
Soil Moisture Storage 
The results of soil moisture storage at the post emergence, tasseling, and pre-harvest 
com growth stages as influenced by tillage treatment and N source in 2002, 2003 and 2004 
are presented in Table 3.2. In 2002, 2003 and 2004, soil moisture storage within the 0 to 30-
and 0 to 120-cm soil depths did not show significant difference for all tillage treatments 
within all growth stages and for either N source (Table 3.2). Soil water storage for each year 
generally increased with soil depth for all tillage treatments and for both N sources at all 
growth periods in the growing season. However, NT and ST showed more moisture storage 
compared with CP. This is due to the amount of residue cover in NT and ST, which promotes 
better water infiltration and storage with less water losses either through surface runoff or 
evaporation compared with CP especially late in the growing season, where soil surface 
sealing and crusting is obvious in CP. 
Soil Water Extraction 
The results of soil water extraction by corn roots as influenced by tillage treatments 
for both N sources in 2002, 2003 and 2004 are presented in Figs. 3.14. During the three years 
of study, soil water extraction by corn roots for all tillage treatments did not show any 
significant differences for either N source. Generally, for all tillage treatments and both N 
sources, there was more water extraction by corn roots in the top 30-cm soil depth. There is 
however, great variability in soil profile water extraction by corn roots for all tillage 
treatments regardless of N source, without any particular tillage treatment consistently 
showing an overall improvement in soil profile water extraction by corn roots compared with 
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other tillage treatments. Despite this great variability in soil water extraction, soil water 
extraction decreases with soil depth for all tillage treatments irrespective ofN source. 
Tillage, Soil moisture, and Soil Penetration Resistance 
Soil Moisture and Penetration Resistance 
The results of soil moisture content in relation to soil penetration resistance as 
influenced by tillage treatment in 2002, 2003 and 2004 are presented in Figs. 3.15, 3.16, and 
3 .17. Soil penetration resistance and the corresponding soil moisture content are presented as 
a function of soil depth early and late in the growing season for each N source. During the 
three years of study, soil moisture content at different soil depths showed an inverse 
relationship with soil penetration resistance for all tillage treatments and for both N sources 
with low soil moisture content corresponding with high soil penetration resistance. However, 
both soil penetration resistance and soil moisture profile generally increased with soil depth 
for all tillage treatments and for both N sources without masking the inverse relationship 
between soil penetration resistance and soil moisture. The soil moisture profile decreased late 
in the season as the weather became drier with corresponding increases in soil penetration 
resistance for all tillage treatments and both N sources. However, NT and ST stored more 
soil moisture late in the season compared with CP treatment due to the amount of residue 
cover, which reduced soil surface evaporation and conserved more water in the NT 
treatment. 
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Soil Penetration Resistance 
The results of soil profile penetration resistance for 2002, 2003 and 2004 are 
presented in Figs. 3.18 through 3.22. In 2002, penetration resistance measurements in the 
liquid swine manure treatment for all tillage treatments at all depths did not show any 
significant differences, even late in the growing season on DOY 197, except for DOY 141 
where soil penetration resistance for both NT and CP showed significant differences (p = 
0.0330) compared with ST at the 15-cm soil depth (Fig. 3.18). In the commercial fertilizer 
treatment, penetration resistance measurements for all tillage treatments did not show 
significant differences except at the 10- and 15-cm soil depths, where penetration resistance 
for NT and ST each showed significant differences compared with CP treatment early in the 
growing season on DOY 141 (p = 0.0089 and 0.0014, respectively) (Fig. 3.18). Late in the 
growing season on DOY 197, soil penetration resistance for NT and CP treatments also 
showed significant differences compared with CP treatment at the 10-, 15-, and 20-cm soil 
depths (p = 0.0354, 0.0516, and 0.0536, respectively, but no significant differences in soil 
penetration resistance for all tillage treatments at other depths were observed (Fig. 3 .18). 
In 2003, early in the growing season on DOY 141, penetration resistance within corn 
rows in the liquid manure treatment did not show significant differences in all tillage 
treatments at all depths except at the 10-cm soil depth, where ST and CP treatments each 
showed significant difference compared with NT treatment (p = 0.0330) (Fig. 3.19). 
Similarly, late in the growing season on DOY 191and225, soil penetration resistance within 
corn rows in the liquid swine manure treatment did not show significant differences for all 
tillage treatments at all depths except at the 35-cm soil depth on DOY 225, where NT and ST 
treatments each showed a significant difference compared with CP (p = 0.0464) (Fig 3.19). 
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In the commercial fertilizer treatment, penetration resistance early in the growing 
season on DOY 141 within corn rows did not show significant differences for all tillage 
treatments at all soil depths except at 25 cm, where a significant difference in penetration 
resistance (p = 0.0024) occurred between ST and CP (Fig. 3.19). Late in the growing season 
on DOY 191 and 225, soil penetration resistance within corn rows in the commercial 
fertilizer treatment generally did not show significant differences for all tillage treatments at 
all soil depths, except on DOY 225 where penetration resistance within corn rows for NT and 
CP treatments each showed significant differences compared with ST at 5-, 10- and 40-cm 
soil depths, (p = 0.0339, 0.0428, and 0.0205, respectively) (Fig. 3.19). Soil penetration 
resistance in 2003 for between-corn rows in the liquid swine manure treatment did not show 
significant differences for all tillage treatments at all soil depths in the growing season (Fig. 
3.20). Penetration resistance results were similar in the commercial fertilizer treatment except 
at 10- and 40-cm soil depths on DOY 191and225, respectively, where significant 
differences in penetration resistance occurred between NT and ST (p = 0.0370) and ST and 
CP treatments (p = 0.0161), respectively (Fig. 3.20). In 2004 soil penetration resistance for 
all tillage treatments either within or between-corn rows for both N sources did not show 
significant differences throughout the growing season (Figs. 3.21 and 3.22). 
In 2002, 2003 and 2004 both within and between corn rows soil penetration resistance 
increased with depth for all tillage treatments and for both N sources most particularly within 
the top 20 cm of soil depth. Penetration resistance at soil depths lower than 20 cm did not 
generally show much increase with increasing depth for all tillage treatments. Typically, 
penetration resistance of between-corn rows were higher compared with the measurements 
within corn rows due to soil compaction of between-corn rows caused by tractor wheels 
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during field operations. During the three years of study, regardless of tillage treatment, N 
source, and position of penetration resistance measurement soil penetration resistance 
increased late in growing season with increase in soil dryness. 
CONCLUSIONS 
In 2002, 2003 and 2004, daily soil temperatures during the growing seasons showed 
similar trends as air temperatures regardless of tillage treatments. Generally, hourly soil 
temperatures for NT were consistently lower compared with ST and CP especially on warm 
days. During the three years of study, the average hourly soil temperatures at the 5-cm soil 
depth on cold and dry days for NT, ST, and CP were in the ranges of2.3 to 9.1, 2.6 to 10.2, 
and 1.8 to 10.0°C, respectively. On cold and wet days the average hourly soil temperatures 
for NT, ST, and CP were in the ranges of7.4 to 9.7, 6.6 to 9.9, and 6.8 to 9.5°C, respectively. 
On warm and dry days, the average hourly soil temperatures for NT, ST, and CP were in the 
ranges of 12.4 to 20.4, 12.6 to 19.8, and 12.4 to 20.1°C, respectively. On warm and wet days 
the average soil temperatures for NT, ST, and CP were in the ranges of 10.9 to 21.4, 10.8 to 
21.2, and 10.7 to 20.7°C, respectively. However, on cold and wet days NT showed slightly 
warmer average hourly soil temperatures (8.5°C) compared to ST (8.3°C) or CP (8.1°C) 
treatments. A three-year average ofMSTE and the MERI across both N sources showed ST 
with the highest MSTE of 18.3°C compared with 18.0°C for both NT and CP; and MERI of 9 
for both ST and CP compared with 8 for NT. Soil moisture storage increased with depth 
irrespective of tillage treatment and N source and decreased as the growing season 
progressed. Seasonally, NT and ST generally showed improved soil moisture storage 
compared with CP especially in the top 30-cm depth. However, a three year average of soil 
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moisture storage at the top 30-cm depth is 9.0 cm for each tillage treatment across both N 
sources. Over the three-year period of the study, an average of 43% of the total soil water 
extraction by com roots across all tillage treatment and both N sources occurred in the top 
30-cm soil depth. Soil moisture content showed an inverse relationship with penetration 
resistance for all tillage treatments and N sources. Soil penetration resistance increased with 
depth regardless ofN source for all tillage treatments especially in the top 20-cm soil depth. 
Penetration resistance measurements at soil depths lower than 20 cm did not show significant 
differences between all tillage treatments. Soil penetration resistance increased late in the 
season as the soil moisture decreased for all tillage treatments and for both N sources. 
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Table 3.1. Maximum soil temperature and emergence rate index of com of three tillage 
systems averaged across liquid manure and commercial fertilizer in 2002, 2003, and 2004 at 
Nashua. 
Tillage MSTE+ (°C) MERiil 
Systemt 2002 2003 2004 2002 2003 2004 
NT 18.9 19.2 16.0 6.2 9.6 8.6 
ST 19.5 19.0 16.4 7.6 9.6 8.9 
CP 19.0 18.8 16.2 6.9 10.8 9.4 
t NT, no-tillage; ST, strip-tillage; CP chisel plow. 
t MSTE, maximum soil temperature for emergence of com. 
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Figure 3 .1. Daily average soil temperature of three tillage systems treatments at the top 5-cm 
soil depth during the 2002, 2003, and 2004 growing season of different periods at Nashua. 
BPt, before planting; Pt, planting; IE, initial emergence; FE, final emergence. 
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Figure 3.2. Hourly soil temperature of four different dates and weather conditions at the top 
5-cm soil depth before planting com of three tillage systems treatments at Nashua in 2002. 
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Figure 3.3. Hourly soil temperature of four different dates and three weather conditions at the 
top 5-cm soil depth from planting to initial emergence of com in three tillage systems 
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Figure 3.4. Hourly soil temperature of four different dates and three weather conditions at the 
top 5-cm soil depth from initial emergence to final emergence of com in three tillage systems 
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Figure 3.5. Hourly soil temperature of four different dates and weather conditions at the top 
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Figure 3 .6. Hourly soil temperature of four different dates and two weather conditions at the 
top 5-cm soil depth from planting to initial emergence of com in three tillage systems 
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Figure 3.7. Hourly soil temperature of four different dates and two weather conditions at the 
top 5-cm soil depth from initial to final emergence of corn in three tillage systems treatments 
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Figure 3.8. Hourly soil temperature of four different dates and weather conditions at the top 
5-cm soil depth before planting com in three tillage systems treatments at Nashua in 2004. 
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Figure 3.9. Hourly soil temperature of four different dates and three weather conditions at the 
top 5-cm soil depth from planting to initial emergence of com in three tillage systems 
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Figure 3 .10. Hourly soil temperature of four different dates and three weather conditions at 
the top 5-cm soil depth from initial to final emergence of corn of three tillage systems 
treatment at Nashua in 2004. 
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Figure 3.12. Emergence rate index of com of three tillage systems treatments as a function of 
the daily soil temperature at Nashua in 2002, 2003, and 2004. 
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Figure 3.14. Soil water extraction by com of liquid swine manure and commercial fertilizer 
treatments as a function of soil depth for three tillage systems treatments in 2002, 2003, and 
2004 growing seasons at Nashua. Significant differences are according to Tukey's 
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Figure 3.15. Soil penetration resistance and moisture as a function of soil depth of between-
com rows of three tillage systems treatments and two nitrogen sources at Nashua in 2002. 
Significant differences are according to Tukey's studentized range test. 
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Figure 3.16. Soil penetration resistance and moisture as a function of soil depth ofbetween-
com rows of three tillage systems treatments and two nitrogen sources at Nashua in 2003. 
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Figure 3 .17. Soil penetration resistance and moisture as a function of soil depth of between-
corn rows of three tillage systems treatments and two nitrogen sources at Nashua in 2004. 
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Figure 3.18. Soil penetration resistance as a function of soil depth of two nitrogen sources as 
influenced by three tillage systems in the 2002 growing season at Nashua. Significant 
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Figure 3.19. Soil penetration resistance as a function of soil depth in corn rows of two 
nitrogen sources treatments as influenced by three tillage systems in the 2003 growing season 
at Nashua. Significant differences are according to Tukey's studentized range test. 
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Figure 3.20. Soil penetration resistance as a function of soil depth of between-corn rows of 
two nitrogen sources treatments as influenced by three tillage systems in the 2003 growing 
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Figure 3 .21. Soil penetration resistance as a function of soil depth within corn rows of two 
nitrogen sources treatments as influenced by three tillage systems in the 2004 growing season 
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Figure 3 .22. Soil penetration resistance as a function of soil depth of between-com rows of 
two nitrogen sources treatments as influenced by three tillage systems in the 2004 growing 




Tillage treatments and their interactions with N rates for both N sources did not show 
significant impacts on plant biomass at the different com growth stages particularly from the 
V6 to VT growth stages. However, in 2004 plant biomass at the R6 growth stage in NT for 
the N rates of 0 and 252 kg N ha-1 which were 8.2 and 9.4 Mg ha-1, respectively, and for CP 
which were 8.9 and 10.5 Mg ha-I, respectively, were significantly different. Tillage 
treatments did not show significant impact on com grain yield with each N source during the 
three years of study. However, corn grain yield showed improvement with increasing soil 
N03-N concentration for both N sources. Relative corn yield averaged over three years 
across all tillage treatments showed improvement of 1.6, 8.2, and 4.1 % with commercial 
fertilizer over liquid swine manure at N rates 0, 84, and 168 kg N ha-I, respectively. At the 
highest N rate of 252 kg N ha-I the three-year averages of corn relative yield of both N 
sources were equal. The relationship between corn grain yield and corn stalk N03-N 
concentration showed that maximum com yields are possible at the com stalk N03-N 
concentration range of250 and 2,000 mg kg-I. 
At N rates higher than 100 kg N ha-I, corn showed luxury consumption of N for both 
N sources. A three-year average of 90% relative corn yield was attained at the corn stalk 
N03-N concentration of 1,000 mg kg-I for both N sources. A three-year average maximum N 
rate (MNR) of liquid swine manure of 219 kg N ha-I produced a maximum corn grain yield 
(MGY) of 10.6 Mg ha-I. At the economic optimum N rate (EONR) of 207 kg N ha-I ofliquid 
swine manure, the economic optimum grain yield (EOGY) was 10.5 Mg ha-I. The MNR and 
MGY for commercial fertilizer treatment were 186 kg N ha-I and 11.3 Mg ha-I, respectively. 
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The EONR and EOGY for the commercial treatment were 148 kg N ha-1 and 11.2 Mg ha-1, 
respectively. During the three years study, com grain yield showed improvement with 
increasing soil N03-N concentration for both N sources. Tillage systems and the interactions 
between tillage system and N rate of both N sources did not show significant impact on the 
HI of com during 2002 and 2003. However, over the three-year period, commercial fertilizer 
showed improvement of 11.9% in HI of com compared to liquid swine manure across all 
tillage systems and N rates. 
Tillage treatments showed significant impact on the ERI of com with ST and CP 
consistently showing improved ERI of 9 compared to 8 for NT in both N sources. Daily soil 
temperatures for all tillage treatments showed similar trends of fluctuation as air temperatures 
during each growing seasons. Strip-tillage and CP consistently showed hourly soil 
temperature averages of 3°C and 2°C, respectively, higher than that of NT on typical warm 
days. On a cold day, hourly soil temperatures for all tillage treatments did not show 
significant difference. A three-year average ofMSTE and the MERI across both N sources 
showed that MSTE of ST was 18.3°C, which was slightly higher than those of NT and CP 
treatments (both 18.0°C). Soil moisture storage increased with soil depth, but decreased as 
the growing season progressed regardless of tillage system and N source. At post emergence 
in 2002, NT showed improved soil moisture storage (10.1 cm) compared with the ST (9.6 
cm) and CP (9.7) treatments in the top 30-cm soil depth across both N Sources. The three-
year averages of soil moisture storage in the 30-cm soil depth for NT, ST, and CP were 9.0, 
9.1and9.2 cm respectively. A 43% three-year average of soil water extraction by com roots 
occurred in the top 30-cm of the soil profile for all tillage treatments and N sources. Soil 
moisture content showed an inverse relationship with penetration resistance for all tillage 
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treatments and both N sources. At the meantime, soil penetration resistance increased with 
depth for all tillage treatments, especially at the 20-cm soil depth, regardless ofN source. 
Penetration resistance below the 20-cm soil depth did not show much variability for all 
tillage treatments. However, soil penetration resistance increased late in the season as soil 
moisture decreased for all tillage treatments and for both N sources. 
The overall impact of tillage treatments on plant biomass and com yield was not 
significant. The impact of ST on soil temperature, ERI, and grain yield compared favorably 
with the CP treatment and showed an overall advantage over NT. This confirmed ST as a 
viable solution to the problems associated with NT com production. 
